
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
22

/2
02

5 
10

:3
7:

01
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Hybrid d0 and d1
aInternational Institute for Carbon-Neutral

University, Fukuoka, Japan. E-mail: kave

6744; Tel: +81 92 802 6744
bDepartment of Automotive Science, Kyushu
cMaterials Science and Nanotechnology En

Turkey
dUniv Rouen Normandie, INSA Rouen Nor

Matériaux, UMR6634, 76000 Rouen, France
eDepartment of Radiation Science and Tec

Del, Netherlands
fMitsui Chemicals, Inc. – Carbon Neutral

University, Fukuoka, Japan
gHydrogen Research Institute, Université du
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0 electronic configurations
promote photocatalytic activity of high-entropy
oxides for CO2 conversion and water splitting†

Jacqueline Hidalgo-Jiménez, ab Taner Akbay, c Xavier Sauvage,d Lambert van
Eijck,e Motonori Watanabe, af Jacques Huot,g Tatsumi Ishihara af

and Kaveh Edalati *af

Photocatalysis offers a sustainable solution for essential reactions such as CO2 conversion and water

splitting, but constraints in catalyst properties like bandgap and active site availability often limit its

efficiency. High-entropy oxides (HEOs), which incorporate five or more different cations, present

significant potential for this application due to their elemental diversity. This study explores active HEO

development for photocatalytic applications by integrating cations with d0 and d10 electronic

configurations. A single-phase HEO with a monoclinic structure was successfully synthesized,

comprising elements with d0 (titanium, zirconium, niobium and tantalum) and d10 (zinc) electronic

configurations. Comprehensive analyses of its microstructure, chemical composition, optical properties

and photocatalytic activity were conducted. The resulting TiZrNbTaZnO10 exhibited superior UV and

visible light absorption, a low bandgap of 2.5 eV, minimal radiative electron–hole recombination and

high stability under photocatalytic conditions. Remarkably, TiZrNbTaZnO10 outperformed the

TiZrHfNbTaO11 photocatalyst which contains solely d0 electronic configuration. This enhanced

performance is attributed to the mixed electronic configurations fostering heterogeneous chemical

environments, which facilitate efficient charge carrier separation and transfer.
Introduction

The consumption of fossil fuels and uncontrolled use of
resources have caused irreversible problems in the environment
and living society. Nonetheless, many academic and industrial
projects are trying to decrease the consequences of these
problems and improve the conditions. Two main strategies are
currently under investigation: hydrogen utilization and CO2

conversion. On one hand, hydrogen utilization aims to replace
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the consumption of fossil fuels as a clean alternative. However,
nearly 60% of hydrogen is produced directly from fossil fuels,1

and most of the remaining hydrogen is produced from elec-
tricity generated by non-renewable energies. On the other hand,
the already emitted CO2 can be trapped, stored and converted
into useful products. Both processes can be performed using
clean technologies such as photocatalysis,2 which is a light-
driven chemical reaction in the presence of a catalyst. In pho-
tocatalysis, the light energy can promote the electron excitation
from the valence band and transfer them to the conduction
band,3 generating positive and negative charges which can take
part in redox reactions.

Despite the advantages of photocatalytic processes, their
practical utilization is still limited. Low light absorbance, the
short lifetime of charge carriers and their fast recombination
are some limiting factors that photocatalysts face.3–5 Moreover,
the limited number of active sites for the adsorption and
conversion of water and CO2 is another factor that negatively
affects photocatalytic activity.3–5 Aiming to solve this problem,
high-entropy materials have been investigated as a new type of
photocatalyst. These materials are typically formed by ve or
more elements, having a high mixing entropy. The increment in
the mixing entropy allows high-entropy materials to be ener-
getically stabilized in a single- or dual-phase form by decreasing
the Gibbs free energy.6,7 Additionally, the sluggish diffusion
J. Mater. Chem. A, 2024, 12, 31589–31602 | 31589
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effect, cocktail effect and lattice distortion can contribute to the
generation of numerous active sites, promote defect formation,
produce hybridized orbitals and give them tunable properties
for photocatalysis.4,8,9 The combinations of these features make
high-entropy materials appropriate catalysts for different reac-
tions such as hydrogen evolution,10–16 CO2 conversion,8,17–20 dye
degradation12,13,21 and contaminant removal.22,23

Nonetheless, the inherent nature of high-entropy photo-
catalysts is not necessarily sufficient to ensure their high
performance. Different strategies were employed to enhance the
activity of these materials such as increasing the surface area,24

including porosities,8,14 employing the piezo-photocatalysis
concept,13 enhancement of lattice distortion25 and increasing
light absorbance by nitride26 or oxynitride generation.11,17 Most
high-entropy photocatalysts are based on high-entropy oxides
(HEOs), in which cations usually have a d0 electronic congu-
ration. TiZrHfNbTaO11 is one of the most popular high-entropy
photocatalysts that contains d0 cations. However, it is well-
known that the cations with d10 electronic conguration such as
zinc and gallium can also show good photocatalytic activity.
While the d0 cations are strong electron acceptors, the d10

cations are weaker acceptors and can sometimes act as electron
donors. Therefore, the co-presence of d0 and d10 cations can
make a heterogenous electronic structure with a chemical
environment containing different active site types including
electron and hole reaction sites. Despite developing high
entropy photocatalysts with d0 electronic conguration, there
has been no attempt so far to examine the efficiency of mixing
cations with d0 and d10 electronic congurations on the pho-
tocatalytic activity of HEOs.

This study reports the synthesis of a new high-entropy pho-
tocatalyst, TiZrNbTaZnO10, with mixed d0 (titanium, zirconium,
niobium and tantalum) and d10 (zinc) electronic congurations
for CO2 conversion and hydrogen production. The sample is
synthesized by a high-pressure torsion (HPT) process followed
by calcination and examined by different characterization
analyses and photocatalytic testing. A comparison of the activity
of this HEO with TiZrHfNbTaO11 with only d0 cations conrms
the impact of the mixed electronic conguration concept on
photocatalysis. This concept can be employed to design new
photocatalysts with high activity.

Experimental materials and procedures
Sample synthesis

The synthesis was performed using binary oxides, as starting
materials, to fabricate a HEO with a nominal composition of
TiZrNbTaZnO10. TiO2 anatase powder (Sigma-Aldrich, 99.8%),
ZrO2 (Kojundo, 97 mol%), Nb2O5 (Kojundo, 99%), Ta2O5

(Kojundo, 99.9%) and ZnO (Kanto Chemical Co. Inc., 99.0%)
were manually mixed in a mortar using acetone for 30 min. The
powder mixture with about 350 mg was pressed to disc shapes
with 10 mm diameter and subsequently processed by HPT
under a pressure of 6 GPa for 6 turns to obtain a better nano-
scale mixture. The HPT process was performed at room
temperature while the rotation speed was kept at 1 rpm. The
resulting material was a disc with 10 mm diameter and about
31590 | J. Mater. Chem. A, 2024, 12, 31589–31602
0.8 mm thickness. The HPT-processed disc was crushed and
calcined at 1373 K for 24 h to synthesize a single-phase material.
To have a better homogeneity, the calcined powder was sub-
jected to HPT for another 3 turns and subsequently calcined for
another 24 h.

Characterization

The crystal structure in every step of the synthesis process was
examined by X-ray diffraction (XRD) using Cu Ka radiation. The
nal sample was additionally examined by neutron diffraction
using a wavelength of 1.67 Å (ref. 27) and diffraction patterns
were analyzed using Rietveld renement to obtain accurate
lattice parameters and atomic positions. The characteristic
crystal vibrational modes were studied using Raman spectros-
copy with a 532 nm laser source. The oxidation state of elements
was examined by X-ray photoelectron spectroscopy (XPS) using
a radiation source of Al Ka.

The elemental distribution was examined at different scales.
First, at the microscopic scale, scanning electron microscopy
(SEM) coupled with energy-dispersive X-ray spectroscopy (EDS)
under an acceleration voltage of 15 keV was used. Second, at the
nanometric scale, scanning-transmission electron microscopy
(STEM) coupled with EDS was employed at an acceleration
voltage of 200 keV. The sample for STEM was prepared by
crushing the HEO and dispersing it on a copper grid covered
with a carbon lm. Third, at the atomic scale, atom probe
tomography (APT) was used. The sample for APT was prepared
using a focused-ion beam technique. APT analysis was con-
ducted using a CAMECA LEAP-5000XS instrument under ultra-
high vacuum (10−11 mbar) at a cryogenic temperature of 40 K
using laser pulses with a frequency of 200 kHz. Analyzed
volumes were reconstructed using IVAS (Integrated Visualiza-
tion & Analysis Soware), and data analysis was carried out
using GPM3DSo (Groupe de Physique des Matériaux 3D-so)
soware.

Themicrostructure of the sample was analyzed by SEM using
an acceleration voltage of 15 keV and transmission electron
microscopy (TEM) with an acceleration voltage of 200 keV. For
TEM, bright-eld images, selected area electron diffraction
(SAED) and high-resolution images were recorded. For the
examination of oxygen vacancies, electron spin resonance (ESR)
utilizing a 9.4688GHz microwave was conducted.

The light absorbance of the sample was examined by UV-vis
spectroscopy, and subsequently, the bandgap was estimated
using the Kubelka–Munk theory. The radiative recombination
of photogenerated charge carriers was analyzed by photo-
luminescence spectroscopy using a 325nm laser source. The
lifetime of the charge carriers was investigated using time-
resolved photoluminescence decay (PL decay) with a 340 nm
laser source and a longpass lter of 385 nm. XPS was used to
estimate the valence band top, and to nally obtain the band
structure by combining with the data from UV-vis spectroscopy.

Photocatalytic activity

The photocatalytic activity of the sample was evaluated using
two reactions: CO2 conversion and water splitting. For CO2
This journal is © The Royal Society of Chemistry 2024
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Table 1 Lattice parameters of high-entropy oxide TiZrNbTaZnO10

with a monoclinic crystal structure and P2/c space group

Lattice parameters (Å)

a 4.7405 � 0.0002
b 5.6459 � 0.0002
c 5.0550 � 0.0002
a (°) 90
b (°) 91.114 � 0.003
g (°) 90
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conversion, 100 mg of sample, 4.2 g of NaHCO3 and 500 ml of
deionized water were placed in a continuous ow quartz reactor
of 858 ml volume. In the inner space of the reactor, a high-
pressure mercury light source with a power of 400 W was
inserted. The light irradiated on the photocatalyst was equiva-
lent to 14 W cm−2. On the top of the reactor, two pipes were
placed: one for inputting a constant CO2 gas ow of 30 ml
min−1, and one for outputting the generated gases which was
connected to two gas chromatographs. One gas chromatograph
was a Shimadzu GF-8A to analyze the hydrogen and oxygen
concentrations, and the other one was a GL Science GC-4000
Plus equipped with a methanizer (GL Science MT 221) to eval-
uate the concentration of CO and CH4. The temperature was
controlled to 291–296 K using a water chiller and the dispersion
of particles in suspension was homogenized using a magnetic
stirrer with a rotation speed of 420 rpm. The CO2 gas was rst
injected for 1 h without light irradiation to conrm that no air
was le in the reactor, and no CO2 conversion occurred.

The photocatalytic hydrogen production from water splitting
was analyzed in a reactor coupled with a gas chromatograph
(Shimadzu GF-8A) under a full arc of 300 W UV xenon (Xe) light.
For the solution preparation, 50 mg of sample, 27 ml of
deionized water, 8 ml of methanol (as sacricial agent) and 0.25
Fig. 1 Formation of single-phase high-entropy oxide TiZrNbTaZnO10 wit
different steps of synthesis, (b) Rietveld refinement analysis of the XRD
corresponding Rietveld refinement analysis after the final step of the syn
final step of the synthesis. C in (a) indicates calcination at 1373 K.

This journal is © The Royal Society of Chemistry 2024
ml of H3PtCl6$6H2O (0.01 M) were mixed. The photocatalytic
test was performed for 180 min, and sampling was conducted
every 30 min using a volume of 3.2 ml. The light irradiated on
the photocatalyst was equivalent to 15 W cm−2. Before the
photocatalytic measurement, a blank test without light irradi-
ation and with catalyst addition was conducted for 30 min.
Results
Crystal structure and the microstructure

The progress of crystal structure transformation obtained by
XRD during the synthesis process is shown in Fig. 1(a). The
h amonoclinic structure. (a) XRD patterns of thematerial obtained after
pattern after the final step of the synthesis, (c) neutron diffraction and
thesis, and (d) Raman spectra taken at three random positions after the

J. Mater. Chem. A, 2024, 12, 31589–31602 | 31591
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Table 2 Vibrational modes assigned to Raman shifts for high-entropy
oxide TiZrNbTaZnO10

Raman shi
(cm−1) Vibrational mode Reference

130 Lattice vibration 29
185 Zr–O stretching 30
249 Oxygen–cation–oxygen bending 29
280 Nb/Ta–O bonding 31
307 Zn–O symmetric stretching 31
355 O–Zr–O bending 30
405 Zr–O stretching 30
465 O–Zr–O bending 30
511 Zr–O bonding 30
593 Nb/Ta–O asymmetric vibrations 31
632 Zr–O bonding 30
671 Ti–O bonding 30
755 Ti–O or Nb/Ta–O asymmetric vibrations 29 and 31
843 Nb–O asymmetric stretching 30 and 31
890 Nb–O symmetric stretching 30

Fig. 2 Fully oxidized states of elements in high-entropy oxide TiZrNb
tantalum, (e) zinc, and (f) oxygen.

31592 | J. Mater. Chem. A, 2024, 12, 31589–31602
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initial powder mixture shows all the characteristic peaks for the
binary oxides utilized. Aer the rst HPT processing with 6
turns, the peaks become broad due to the crystallite size
reduction and defect introduction.28 Subsequently, the XRD
pattern aer the rst calcination shows much sharper peaks
and a completely different crystal structure than the powder
mixture. Nonetheless, the analysis of this pattern shows the
presence of minor amounts of binary oxides, thus, additional 3
HPT turns followed by calcination were performed. Aer the
second calcination, a single-phase material with the monoclinic
P2/c crystal structure is obtained. The results of Rietveld
renement, as shown in Fig. 1(b), give the lattice parameters
included in Table 1.

The crystal structure was also examined by neutron diffrac-
tion. Like XRD, this technique can give additional information
about the crystal structure and atomic positions. The main
difference is that neutron diffraction analysis is more sensitive
to light elements. Fig. 1(c) shows the neutron diffraction and
TaZnO10. XPS analysis for (a) titanium, (b) zirconium, (c) niobium, (d)

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Presence of oxygen vacancies in high-entropy oxide
TiZrNbTaZnO10 by ESR analysis.

Fig. 4 Homogeneous distribution of elements at the micrometer and nan
(b) STEM-EDS mappings.

This journal is © The Royal Society of Chemistry 2024
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corresponding Rietveld analysis. The Rietveld renement
conrms the monoclinic crystal structure with the P2/c space
group. Moreover, it gives some hints about the specic atomic
positions. Using Nb2ZrZnO8 as a similar model structure, 3
main Wyckoff positions of 4g, 2f and 2e are rened. It is
conrmed that the 4g positions of TiZrNbTaZnO10 correspond
to the oxygen atoms, 2f positions correspond to niobium and
tantalum atoms, and 2e positions correspond to zirconium and
zinc. Regarding the position of titanium, the best t of the
Rietveld renement was obtained when titanium was distrib-
uted in the two positions of 2f and 2e.

The crystal nature of TiZrNbTaZnO10 was also examined by
Raman spectroscopy, as shown in Fig. 1(d). Raman spectra from
three different random positions in Fig. 1(d) show similar
features, suggesting good homogeneity in the crystal structure.
ometer scales in high-entropy oxide TiZrNbTaZnO10. (a) SEM-EDS and

J. Mater. Chem. A, 2024, 12, 31589–31602 | 31593
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Fig. 5 Homogeneous distribution of elements at the atomic scale in
high-entropy oxide TiZrNbTaZnO10. (a) Three-dimensional chemical
composition distribution and (b) percentage of elements along the
sample tip.
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The vibrational modes in Raman spectra can be determined
using Nb2ZrZnO8 as a reference with a similar crystal structure.
Table 2 summarizes the vibrational modes assigned to
TiZrNbTaZnO10. The rst peak observed at 130 cm−1 was
identied as a characteristic vibration of the lattice.29 The peaks
observed at 185, 355, 405 and 465 cm−1 are related to vibra-
tional modes of Zr–O bonding.30 Ti–O vibrational modes are
observed at 632 and 671 cm−1.30 The peak observed at 755 cm−1

can be related to the Ti–O bond; however, it can be associated
with Nb/Ta–O asymmetric vibrations as well.29,30 Finally, the
modes observed at 280, 843 and 890 cm−1 are associated with
Nb/Ta–O vibrational modes.30,31 The differences between
TiZrNbTaZnO10 and Nb2ZrZnO8 are due to the differences in the
interatomic distances due to the addition of titanium and
tantalum to the lattice.30

Fig. 2 shows the XPS results for the sample TiZrNbTaZnO10.
The full oxidation state of each element (i.e. Ti4+, Zr4+, Nb5+,
Ta5+, Zn2+ and O2−) is conrmed. The peaks in the spectra are
asymmetric, but small shoulders to lower energy sites are
observed in some elements such as zinc. The shoulders indicate
the possible presence of small amounts of oxygen vacancies in
the sample.4 The presence of oxygen vacancies is also suggested
using ESR spectra in which a double peak with a turning point
at a g value of 2.01 is observed (Fig. 3). Lattice defects such as
oxygen vacancies can act as active sites for photocatalysis,
particularly when they are located on the surface.3

The chemical analysis of TiZrNbTaZnO10 was performed
using three different techniques. The SEM-EDS and STEM-EDS
mappings are shown in Fig. 4. The SEM-EDS maps (Fig. 4(a))
conrm a homogeneous distribution of the element at the
micrometer scale. The general atomic concentrations of
elements are 4.6 ± 0.4 at% Ti, 5.2 ± 0.4 at% Zr, 5.2 ± 0.5 at%
Nb, 5.5 ± 0.5 at% Ta, 6.8 ± 0.1 at% Zn and 72.3 ± 1.7 at% O,
which are close to the nominal composition within the preci-
sion limits of SEM-EDS. Fig. 4(b) shows the STEM-EDS
mappings, conrming the homogenous distribution of
elements at the nanometer scale. Similarly, the three-dimen-
sional APT analysis of a tip of HEO (Fig. 5(a)) shows the
chemical homogeneity at the atomic scale. The percentage of
each element obtained along the tip is shown in Fig. 5(b). The
APT analysis shows an average composition of ∼6 at% of each
element being slightly higher for niobium and lower for tita-
nium. Nonetheless, all the results demonstrate that the ve
cations are well distributed in the sample with concentrations
close to nominal composition. The homogenous distribution of
elements at the atomic scale conrms that each cation should
be surrounded by different elements, making a heterogeneous
chemical environment all over the sample, which is a positive
feature for heterogeneous photocatalysts.32

The microstructural analysis of TiZrNbTaZnO10 is shown in
Fig. 6. The SEM micrographs in Fig. 6(a) and (b) show the
morphology of the powder, containing micro-sized particles
with an average size of 32 mm. This average particle size corre-
sponds to a small surface area of 0.033 m2 g−1. This small
surface area should be due to the synthesis method which
includes the application of high pressure during the HPT
process and high temperature during the calcination.28,33
31594 | J. Mater. Chem. A, 2024, 12, 31589–31602
Examination of microstructure by TEM bright-eld analysis
(Fig. 6(c)) indicates that the crystal sizes are either at the sub-
micrometer or micrometer sizes. Here, it should be noted that
the Rietveld analysis suggests an average crystallite size of 140
nm, conrming the large sizes of powder particles. The SAED
analysis (Fig. 6(d)), high-resolution images and corresponding
fast Fourier transforms (Fig. 6(d)) conrm that the monoclinic
is the only detected phase in the crystal structure.
Optical properties

The results for light absorbance and band structure of the HEO
TiZrNbTaZnO10 are illustrated in Fig. 7. Fig. 7(a) shows UV-vis
spectroscopy results, indicating good light absorbance in the
UV and visible ranges of the light spectrum. The light absor-
bance is a desirable property to improve the efficiency of the
photocatalysts. The analysis of the light absorbance spectrum
using the Kubelka–Munk theory to obtain the bandgap is shown
in Fig. 7(b). TiZrNbTaZnO10 has a bandgap of 2.5 eV, and
a defect state close to 1.8 eV. Compared to the bandgap of each
utilized binary oxide, TiZrNbTaZnO10 has a smaller bandgap
which coincides with the visible light region. Bandgap reduc-
tion to the visible light region is a good nding because there
are signicant efforts to discover visible-light-active
photocatalysts.34,35
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Formation of micro-sized particles with a monoclinic structure in high-entropy oxide TiZrNbTaZnO10. (a and b) SEM micrographs at
different magnifications, (c) TEM bright-field micrograph, (d) SAED pattern, and (e) high-resolution image and corresponding fast Fourier
transform.
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XPS analysis was performed to calculate the valence band
top. Fig. 7(c) shows the result of XPS in two different random
positions of the sample. The valence band top is located close to
2.0 ± 0.1 eV for both spectra. Combining the XPS results with
the bandgap obtained by UV-vis and Kubelka–Munk theory
determines the band structure shown in Fig. 7(d). The valence
band is located below the energy required for the oxidation of
H2O to O2 (1.23 eV), and the conduction band is located above
the energy required for the reduction of H+ to H2 (0 eV).35,36 CO2

to CO and CO2 to CH4 are also located between the bands.4,35

Therefore, the TiZrNbTaZnO10 band structure is appropriate for
This journal is © The Royal Society of Chemistry 2024
both CO2 conversion and water-splitting photocatalytic reac-
tions shown below at pH = 0.

CO2 + 2H+ + 2e− / CO + H2O potential vs. NHE: −0.11 eV

(ref. 4 and 35) (1)

CO2 + 8H+ + 8e− / CH4 + 2H2O potential vs. NHE: 0.17 eV

(ref. 4 and 35) (2)

H2O + 2h+ / 1/2O2 + 2H+ potential vs. NHE: 1.23 eV

(ref. 35 and 36) (3)
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Fig. 7 High UV and visible light absorbance and the appropriate band structure of high-entropy oxide TiZrNbTaZnO10 for photocatalytic CO2

conversion and water splitting. (a) UV-vis spectra, (b) Kubelka–Munk analysis for bandgap calculation, (c) XPS spectra for valence band top
determination, (d) band structure and potential energies for different reactions, (e) photoluminescence (PL) spectroscopy for radiative
recombination evaluation, and (f) PL decay spectroscopy to examine the lifetime of charge carriers.
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2H+ + 2e− / H2 potential vs. NHE: 0 eV (ref. 35 and 36) (4)

Fig. 7(e) shows photoluminescence spectroscopy results
used to analyze the radiative recombination of photogenerated
charge carriers. There is no evident peak for TiZrNbTaZnO10,

indicating low radiative recombination of charge carriers. Low
photoluminescence intensity is usually related to disordered
atomic arrangements and is benecial for photocatalytic
activity.37,38

PL decay analysis is shown in Fig. 7(f) which can provide
evidence for the lifetime of the photogenerated carriers in
TiZrNbTaZnO10. An exponential equation can be used to
analyze the plot in Fig. 7(f) as given below.

I(t) = A1 exp(−t/s) (5)
31596 | J. Mater. Chem. A, 2024, 12, 31589–31602
In this equation, A corresponds to the amplitude of the
exponential function, t is the time and s is the lifetime of the
photogenerated carriers. The tting of this function suggests
that the value for s is 11.63 ns. Compared with the lifetime of
the carriers reported for TiZrHfNbTaO11 (10.7 ns),
TiZrNbTaZnO10 exhibits slower radiative recombination of the
carriers. The delay in the recombination of the carriers can be
attributed to the mixed electronic conguration obtained by
including zinc.
Photocatalytic activity

The photocatalytic activity of TiZrNbTaZnO10 was examined by
two methods, CO2 conversion and water splitting. The results
for both tests are shown in Fig. 8, while the activity of binary
oxides mixed by HPT is also included for comparison.
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Enhanced photocatalytic CH4, CO and H2 production on high-entropy oxide TiZrNbTaZnO10 compared to binary oxides mixed by HPT.
(a) CO and (b) CH4 production rates versus time during CO2 conversion using a mercury lamp. (c) H2 concentration versus time during water
splitting using a xenon lamp. Stability of TiZrNbTaZnO10 evaluated by (d) water splitting cycle test for 4 cycles and (e) XRD before and after
photocatalytic tests.
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TiZrNbTaZnO10 constantly transforms CO2 to CO (Fig. 8(a)) and
CH4 (Fig. 8(b)) during 24 h when it is irradiated with the full arc
of a mercury lamp. The CO average production during the rst
24 h is close to 25.2 mmol h−1 g−1 while the CH4 average
production during the rst 24 h stays around 9.9 mmol h−1 g−1.
The generation of CH4 is usually difficult due to the involvement
of eight electrons and photocatalysis usually ends with CO
production which requires only four electrons. However, the
amount of CH4 in this study is comparable to CO, indicating
good activity of current HEO. For water splitting,
TiZrNbTaZnO10 generates up to 0.6mmol g−1 with the full arc of
This journal is © The Royal Society of Chemistry 2024
a xenon lamp, as shown in Fig. 8(c). Despite the small surface
area,33,39 TiZrNbTaZnO10 showed promising performance as
a photocatalyst. Fig. 8 conrms that the activity of
TiZrNbTaZnO10 is higher than that of the powder mixture for
CO, CH4 and H2 production, although the powder mixture
contains TiO2 and ZnO which are considered good
photocatalysts.40,41

Another important characteristic of photocatalysts is their
stability. Fig. 8(d) and (e) demonstrate the stability of
TiZrNbTaZnO10 using two different testing methods. First, the
sample was tested during four cycles for photocatalytic water
J. Mater. Chem. A, 2024, 12, 31589–31602 | 31597
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Fig. 9 Enhancement of the photocatalytic activity of high-entropy oxide TiZrNbTaZnO10 compared to TiZrHfNbTaO11 due to the mixed d0 and
d10 electronic configuration. CO2 to CO conversion rate per (a) unit mass and (b) surface area of the two catalysts. H2 production from water
splitting per (c) unit mass and (d) surface area of the two catalysts.
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splitting as shown in Fig. 8(d). The hydrogen production rate
obtained for the different cycles is reasonably similar demon-
strating the high photocatalytic activity and catalyst stability
during a prolonged time. Second, Fig. 8(e) shows the XRD
patterns for the sample before and aer CO2 conversion and
water splitting. It is conrmed that the crystal structure does
not change due to the interaction with the light or other
compounds used. It should be noted that an additional CO2

conversion experiment was conducted using a different
measurement system (due to a technical problem in the
authors' facility) for 3 cycles and a total period of 75 h. This
experiment also conrmed that TiZrNbTaZnO10 remains pho-
tocatalytically active for a prolonged time.

Two issues should be considered regarding Fig. 8. First, the
authors examined the photocatalytic activity of TiZrNbTaZnO10

under visible light conditions for water splitting for 24 h (due to
its low bandgap), however, the reaction products could not be
detected within the measurement limits of the gas chromato-
graph. Second, the optical and electronic properties of TiO2,39,42

ZrO2,43,44 Nb2O5,45,46 Ta2O5 (ref. 47) and ZnO40,41,48 have been
widely studied for photocatalytic applications. These materials
oen show bandgap in the range of 3.2 eV (for TiO2 (ref. 39)) to
5.3 eV (for Ta2O5 (ref. 47)) and good light absorbance in the UV
region. The commercial powders of these binary oxides contain
cations with fully oxidized states and negligible vacancy
concentration, but there have been attempts to introduce
31598 | J. Mater. Chem. A, 2024, 12, 31589–31602
oxygen vacancies in them by different methods such as HPT for
enhancing light absorbance and bandgap narrowing.39,44,48

Nonetheless, the bandgap of all these binary oxides is still larger
than that of TiZrNbTaZnO10 which is 2.5 eV. The optical and
electronic properties of TiZrHfNbTaO11 photocatalyst were also
previously reported.4,10 TiZrHfNbTaO11 shows mainly UV light
absorbance with a bandgap of 2.9 eV, but it can also exhibit
some visible light absorbance due to the presence of defects
such as oxygen vacancies and dislocations in its structure4,10

Nonetheless, the light absorbance and bandgap of
TiZrHfNbTaO11 are not as good as TiZrNbTaZnO10 for
photocatalysis.
Discussion

A newly synthesized HEO TiZrNbTaZnO10 is introduced as an
active photocatalyst. The lattice strain, vacancy-type defects and
the presence of different chemical environments due to the
presence of elements with different atomic sizes and electronic
structures make HEOs attractive for photocatalysis. Nonethe-
less, these characteristics appear in various HEOs, but addi-
tional concepts need to be employed to further enhance their
activity. This study attempts to demonstrate that the co-pres-
ence of cations with d0 and d10 electronic congurations is an
additional strategy to develop efficient high-entropy photo-
catalysts. Two important questions should be discussed in
This journal is © The Royal Society of Chemistry 2024
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detail: (1) how signicant is the difference between the activity
of HEOs with d0 and d0 + d10 electronic congurations? and (2)
what is the impact of combining d0 and d10 electronic cong-
uration elements?

To answer the rst question, zinc with the d10 electronic
conguration was added to titanium, zirconium, niobium and
tantalum with the d0 electronic conguration in this study. The
comparison of TiZrNbTaZnO10 having mixed d0 and d10 cations
with TiZrHfNbTaO11 containing only d0 cations is shown in
Fig. 9. Fig. 9(a) and (b) show CO2 to CO conversion rates per unit
mass and surface area of the catalysts, respectively, and Fig. 9(c)
and (d) illustrate hydrogen production from water splitting per
catalyst mass and surface area. TiZrNbTaZnO10 has better
performances for both CO2 conversion and water splitting, and
the difference is more noticeable when comparing per surface
area. Since surface area and morphology have a stronger impact
on the photocatalytic activity compared to the catalyst mass,8,14

comparing the results per surface area is more reasonable. The
difference observed for TiZrNbTaZnO10 and TiZrHfNbTaO11 in
Fig. 9 can be related to the contribution of d10 cations. Table 3
compares the photocatalytic activity of TiZrNbTaZnO10 with
some famous binary catalysts such as TiO2 and ZnO, some
active composites containing heterojunctions and some high-
entropy catalysts.48–54 The comparison suggests that high-
entropy materials, particularly those containing elements with
the d10 electronic conguration like gallium or zinc, show better
performance for photocatalysis compared to binary oxides and
composites. Particularly, TiZrNbTaZnO10 shows one of the best
performances for both CO2 conversion and water splitting when
comparing the activity per catalyst surface area.

Concerning the second question, it should be noted that
a combination of elements with different electronic congura-
tions leads to (i) geometrical and (ii) electronic effects in crystal
structure. First, the lattice distortion is caused by different
cations with diverse atomic sizes. These highly distorted lattices
produce distortion in octahedral and tetrahedral coordination
which can inuence the ionic properties, electron transfer and
photocatalytic activity of the material by producing dipole
moments.5,55,56 Moreover, vacancies are formed to compensate
for such distortion in long-range order. The presence of such
vacancies, conrmed by the ESR analysis (Fig. 3), is usually
benecial as active sites for photocatalysis. Second, the elec-
tronic conguration plays an important role in photocatalytic
activity. The elements with d0 electronic conguration (tita-
nium, zirconium, niobium and tantalum) work as strong elec-
tron donor elements, while d10 cations (zinc) can also function
as acceptors. The elements with d0 have usually a lower elec-
tronegativity, making a stronger binding with the absorbed
molecules of CO2 and H2O.57 It should be noted that the charge
transfer between CO2 and catalyst or H2O and catalyst is a crit-
ical aspect that determines the reactant absorbance on the
surface by controlling binding energy, as discussed earlier by
rst-principles calculations.57 First-principles calculations
showed that in TiZrHfNbTaO11, the elements with lower elec-
tronegativity such as hafnium or zirconium have stronger
binding energy for water molecules, while niobium and
tantalum with a higher electronegativity have a good electron
31600 | J. Mater. Chem. A, 2024, 12, 31589–31602
transfer performance especially when they are placed in the
surrounding of the low-electronegativity cations.57 Moreover, in
elements with d10 electronic congurations, the contribution of
sp orbitals to band structure improves the mobility of photo-
excited carriers and promotes charge separation.5,56 Therefore,
the presence of cations with mixed d0 and d10 electronic
congurations can provide a heterogeneous chemical environ-
ment containing sites for both giving and accepting charge
carriers leading to better charge transfer as well as stronger CO2

and H2O absorbance. More specically for zinc (d10 electronic
conguration element), it was reported that adding Zn2+ can
enhance the activity when utilized as a dopant.58 Zn2+ can
weakly trap and release the carriers due to its stronger redox
ability. This property can enhance the carrier mobility on the
surface and suppress the recombination of the photogenerated
carriers.58–60 These features of Zn2+ in the presence of d0 cations,
which are strong electron acceptors, can promote charge sepa-
ration and transfer. Evidence of this interaction can be observed
in the reduction of bandgap to the visible light region (Fig. 7)
and the weak irradiative recombination, as evident from
negligible photoluminescence intensity (Fig. 7(e)). Considering
all these accepts, combining cations with d0 and d10 electronic
structures can be considered as a new strategy to develop active
high-entropy photocatalysts.

Conclusions

A new high-entropy oxide with mixed electronic congurations
was successfully synthesized using titanium, zirconium,
niobium and tantalum (d0 conguration) mixed with zinc (d10

conguration). TiZrNbTaZnO10 demonstrated promising
optical properties such as high light absorbance in the UV and
visible light regions as well as low bandgap and low irradiative
recombination of the photogenerated carriers. The combina-
tion of d0 and d10 improved the photocatalytic activity for
hydrogen production and CO2 conversion compared to a high-
entropy oxide TiZrNbTaZnO10 having only the d0 electronic
conguration. This study conrms the high potential of high-
entropy oxides with mixed d0 + d10 electronic conguration
cations as a new type of efficient photocatalyst for both CO2

conversion and water splitting.
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