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ARTICLE INFO ABSTRACT

Handling Editor: P. Vincenzini A computational methodology for screening aluminum-based spinel oxides for photoelectrochemical water

splitting has been developed by combining HSE06 and PBE+U calculations. The method, which can be extended

Keywords: to other ternary oxides, provides values for formation energies, band gaps, band edge positions, and carrier

Density Functional Theory effective masses. The formation energies indicate that the Al spinels of Mg, Co, Ni, and Zn (successfully syn-

iclree.mnlg thesized using a sol-gel method) are among the most stable in the series. Except for the Mg and Zn cases, the
spinels

electronic structures of the spinels are rather similar, with band gaps separating occupied and empty 3d metal
states. The charge-transfer band gap values are found to be above 3 eV, limiting the use of these materials in solar
water splitting, although an estimate of the band edge positions indicates that, in general, both conduction band
electrons and valence band holes can promote water reduction and oxidation, respectively. The effective masses
of the charge carriers suggest that the spinels are n-type semiconductors as experimentally demonstrated.
Importantly, both the UV-vis spectra and the photoelectrochemical results qualitatively agree with the theo-
retical electronic structure. In general vein, this work demonstrates the potential of theoretical screening for the
development and selection of new photoelectrode materials based on ternary oxides for their application in solar

Water splitting
Artificial photosynthesis

water splitting.

1. Introduction

The serious environmental problems caused by the intensive use of
fossil fuels have motivated an intensification in the research efforts
devoted to developing renewable energy sources. The photoelectrolysis
of water using semiconductor electrodes is one of the most interesting
technologies, as it allows the conversion and storage of solar energy into
chemical energy in the form of Hy molecules [1]. For the massive
application of this emerging technology, the use of elements abundant in
the Earth’s crust is a requisite; that is, the choice of metals is severely
limited by availability and cost criteria.

So far, much research effort has been done on oxides of the first
transition metal series as potential candidates for photoanodes, with
some of them achieving good efficiencies [2-6], although a practical
operational device is still lacking. Most of the previous work has focused
on binary oxides, being lately extended to ternary and more complex
oxides. A number of oxide photoanodes have been studied, including
ZnFey04 (1.9-2.1 eV) [7], MgFex04 (2.0 eV) [8,9], CuFez04 (1.5 €V)
[10], BiFeO3 (2.1 eV) [11], CuWO4 (2.2-2.3 eV) [12], SnWO4 (1.64-2.1
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eV) [13], and FeaWOg (1.5-1.7 eV) [14,15]. All of them show a very
limited efficiency due to high electron-hole recombination rates both at
the surface and in the bulk. The most promising ternary oxide seems to
be BiVOy4 (2.4-2.5 eV), which has a slow electron-hole bulk recombi-
nation rate, leading to considerable photocurrents. Its main limitation,
together with a relatively low stability, is a rather wide band gap and a
short hole diffusion length [16-20].

Only a few ternary oxides have been observed to behave as photo-
cathodes [21]. In this respect, YFeOs (2.45 eV), LaFeOs (2.0-2.7 eV),
CaFe504 (1.85 eV), and CuFe204 (2.1 eV) have very low carrier mobil-
ities [22-25]. On the other hand, CuFeO, shows detrimental surface
states and CuCrO; a too wide band gap [26,27]. There is still much
progress to be made with ternary oxides, and taking into account that
the number of those included in the ICSD database amounts to 10,350, it
is not feasible to experimentally test in a systematic way all of them in
the search for the most promising ones [28]. Woodhouse et al. applied
an advantageous methodology for the experimental screening of qua-
ternary oxides of cobalt, aluminum and iron. They prepared different
oxide compositions on an FTO substrate by using an ink-printing
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deposition technique, and measured their photoresponse, to conclude
that the Cos.xAlxFeyO4 (x = 0.18; y = 0.30) spinel, with a bandgap of 1.5
eV, had the largest photoresponse for water photoelectrolysis among the
cobalt aluminum iron oxides [29].

In general, spinel type oxides are materials adequate for solar water
splitting because of their good optical and mechanical properties, as well
as high stability against corrosion. For RAl,04 (R: Mg, Ti-Zn), many
experimental works are found in the literature. The MgAl,O4 spinel has a
high melting point, high hardness, low density, high mechanical
strength, high electrical resistivity, and an experimental direct band gap
of 7.8 eV. Other values have been reported, depending on the inversion
degree and stoichiometry deviation [30,31]. As far as we know, there
are no publications on TiAl,04 and VAl;04, while one paper has been
published on CrAl,04, presenting its synthesis in a reductive atmosphere
[32]. Wang et al. reported for MnAl,04 band gaps varying from 2.5 to
1.6 eV as the annealing temperature increases, which is attributed to a
decrease in the content of amorphous alumina [33], while Saguna et al.
reported a direct band gap of 4.04 eV for this material [34]. Mu et al.
found an experimental indirect band gap of 1.78 eV for FeAl;04 [35].
Boudiaf et al. reported a direct band gap of 1.83 eV for CoAl,04 [36],
while other groups gave direct band gap values of 2.9-3.6 [34,37-40].
Sebai et al. measured a direct band gap of 1.84 eV for NiAl,04 [41],
whereas other authors reported values in the range from 2.9 to 3.5 eV
[37,38,42-46]. For CuAly04, values from 1.77 to 3.0 eV can be found in
the literature [44,47-55]. Finally, for ZnAl;O4, the band gap values are
reported to range from 4.2 to 5.50 eV [44,56,57]. In general, there is a
significant variability in the reported band gap values, probably due to
different degrees of inversion and stoichiometry deviations in the syn-
thesized materials [30].

Importantly, the enormous increase in computational power in
recent years has allowed for a computational screening in which a series
of fundamental properties of semiconductors are evaluated, for instance
in the search of candidates for water photoelectrolysis. Castelli et al.
published papers using this methodology on perovskite metal oxides,
oxynitrides, oxysulfides, and oxyfluorides [58,59], on double perovskite
oxides (combination of two simple perovskites) [60], and on layered
perovskite oxides and oxynitrides [61]. In all cases, stability, band edge
positions, and band gaps were evaluated. Kuhar et al. evaluated for
perovskite sulfides, crystalline structure, stability, band gaps and
effective masses, as well as tolerance to sulfide vacancies [62]. Pandey
et al. published a theoretical screening of quaternary chalcogenides
focused on stability, band gap, and effective masses [63]. Band gaps are
evaluated with the GLLB-SC functional of the GPAW code, which gives
accurate values for non-magnetic materials, although it does not allow
for geometry optimization. Wu et al. studied the stability, band gap, and
band edge positions of nitride and oxynitride photocatalysts [64]. Xu
et al. looked for layered double hydroxide photocatalysts for the oxygen
evolution reaction, and calculated their electronic structures, band
structures, and band edge positions [65]. In the two latter works, band
gaps were evaluated with the PBE+U method, which gives accurate
values for highly correlated magnetic materials. Recently, computa-
tional screening of single layer metal chalcogenides at the HSE06 level
has been performed to evaluate their performance as photocatalysts for
water splitting [66,67]. Jain et al. have carried out a complete study in
the search of new materials (based on oxide, sulfide, and fluoride anions
and their combinations in binary, ternary and quaternary materials)
with novel or interesting properties [68]. This study was carried out
with PBE+U, with optimal values of U obtained by comparison with the
experimental formation energies from the corresponding binary oxides.
Finally, Aykol et al. obtained U values as a function of the oxidation state
of the transition metal and the nature of the anion (0% and F7), using
the formation energies of the binary oxides as a reference. [69].

In this paper, a method is proposed for the computational screening
of some aluminum-based spinels, which could be potentially extended to
other ternary oxides. The methods beyond DFT used here (DFT+U and
hybrid functionals) rely on some empirical parameters, such as the alpha
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mixing and the Hubbard parameters, whose values must be adjusted
taking as a reference experimental data. They are strongly dependent on
the oxidation state and the environment of the transition metal in the
structure. In the bibliography, studies can be found delivering values for
these parameters for various transition metal oxides, taking as a refer-
ence the formation energies of oxides and fluorides [68], the formation
energies of binary and ternary oxides [69,70], the electronic structure,
and the band gap [71]. However, a systematic study of these parameters
for the first period transition metals with oxidation state +2 and tetra-
hedral coordination is still lacking. Here, we have carried out the tuning
of the HSE06 mixing parameter as to reproduce the experimental band
gaps. A subsequent tuning of the Hubbard parameter is implemented for
each spinel as to reproduce with the PBE+U method the electronic
structure and band gaps obtained from the HSEO06 calculations. With
these values for the mixing and Hubbard parameters for the metals in the
RAI»04 series, a computational screening at the PBE+U and HSE06
theory levels has been performed, focused on the estimation of proper-
ties such as band gap, band edge positions, and effective masses of the
charge carriers. On the experimental side, optical and photo-
electrochemical measurements have been carried out to test the per-
formance of these RAI;O4 spinel materials as photoelectrodes in
photoelectrochemical water splitting. Finally, theoretical and experi-
mental results are compared as to evaluate both the soundness of the
computational approach and the potential for application of the oxides
in the series.

2. Materials and methods
2.1. Computational details

DFT calculations have been performed with the Vienna Ab initio
Simulation Package (VASP) [72], using the projector augmented wave
(PAW) method [73,74] at the PBE [75], PBE+U (following the approach
of Dudarev [76]) and HSE06 theory levels. All calculations were done
with a plane-wave energy cutoff of 520 eV, except for the HSE06 case,
where the plane-wave energy cutoff was 400 eV. Spin-polarized calcu-
lations were carried out for all spinels with the magnetic moments ar-
ranged initially in either a ferromagnetic or an antiferromagnetic
configuration. For each material, the spin arrangement leading to the
lowest energy was selected for all the subsequent calculations.

The GGA functional parametrized by Perdew, Burke and Ernzerhof
(PBE) has a well-documented tendency to significantly underestimate
the value of the band gap [71]. Better estimates of this value can be
obtained by introducing the Hubbard correction (in the PBE+U calcu-
lations), which aims to account for the electronic correlation of the
highly localized d-electrons in transition metal oxides. Even better es-
timates of the band gap and other properties can be obtained using the
range-separated hybrid HSE06 functional [77]. The results obtained
with this functional are affected by the value of the mixing parameter o
(which determines the fraction of exact Fock exchange to be included in
the calculation). It is important to note that we define the fundamental
band gap as:

Etg — Ek‘liJnM() _ ExgxMO (1)
where, ELYMO i the energy at the minimum of the first empty band and
EHOMO g the energy at the maximum of the uppermost band filled with
electrons.

Insulating 3d-electron systems can be of two types. In Mott-Hubbard
(MH) insulators, the band gap is due to by the splitting of the 3d shell,
while, for charge-transfer (CT) insulators, the band gap separates the
occupied p bands of oxygen and the unoccupied 3d shell of the metal
[78].

Fig. 1 shows the flowchart followed to obtain the adjusted (or tuned)
empirical parameters: a (for the HSEQ6 theory level) and the Hubbard
parameter, U, for Dudarev-type PBE+U calculations. Following the
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Fig. 1. Flowchart of the DFT calculations carried out for tuning the empirical parameters a and U, and for screening the RA1,04 (R: Mg, Ti-Cu) series.

criteria by He et al. [71], a value of 0.15 was used for the Al-spinels of
Mg, Ti, V, Cr, Mn and Zn (with d°, d?, a3, d* d° and a'° configurations
for the respective metal centers), while for the Al spinels of Fe, Co, Ni
and Cu (d® d’, d® and d° configurations, respectively), the mixing
parameter has been adjusted. For the metals in the series from Fe to Cu,
there are enough experimental data on band gaps, including the data
reported in this paper for Co and Ni, which agree with values reported by
other groups [34,37-46]. These data allow us to adjust the o value (with
+0.05 steps except for the case of Ni, where + 0.01 steps were used) as
to obtain fundamental band gap values calculated with HSE06 that
satisfactorily agree with the experimental ones. Once the electronic
structure (DOS) and band gap are available at the HSEO6 level for all the
spinels, the adjustment of the Hubbard U parameter (PBE+U) is carried
out (in steps of +0.1 eV) to reproduce them.

With the PBE+U approach, it is not always possible to reproduce
simultaneously the electronic structure (DOS) and the band gap. In some
cases, to reproduce the band gap, it is necessary to use very high U
values, which causes distortion of the electronic structure. In this work,
we have adopted as a master criterion the reproduction of the electronic
structure (obtained at the HSEO6 level), this prevailing over the gap
value. Once all the empirical parameters are adjusted to their optimal
values, the structures are optimized and the formation energies (from
the respective binary oxides), the DOS, and the band structure are
obtained.

The U and a parameters obtained in the tuning steps are given in
Table 1, together with some U data reported by other groups (for the
sake of comparison) [68]. For the metal electronic configurations from
d° to d® as well as for d'°, the value of a was fixed at 0.15, and the tuned
U values tend to decrease as electrons are added to the d shell. Subse-
quently, for configurations with more than 5 d electrons (high spin), as
additional electrons are introduced in the e subshell, both « and U
decrease and, finally, when further electrons are added to the t, subshell,
both o and U progressively increase.

For the binary oxides and spinels, the experimental crystalline
structures of the most stable phases have been obtained from the Inor-
ganic Crystal Structure Database (ICSD). For the spinels, they corre-
spond to the standard primitive normal spinel cell (SG number 227)
(with a total of 14 atoms, see Fig. 2). In the cases of the Ti and Cr spinels

Table 1

Values for the U and « parameters obtained from the tuning step for all R*"
transition metals in a tetrahedral coordination and used in the screening step for
the PBE+U and HSEO06 calculations, respectively. Data from ref. 68 are also
given for comparison.

Ti \4 Cr Mn Fe Co Ni Cu
U/eV [68] 0.0 3.1 3.5 3.9 4.0 3.4 6.0 4.0
U/ev 3.7 3.1 3.3 3.0 2.1 1.4 3.3 6.7
o 0.15 0.15 0.15 0.15 0.10 0.05 0.12 0.20

(with no ICSD structure file), the initial guess structure was the ICSD
structure for VAl,O4. Fig. 2 also shows the antiferromagnetic arrange-
ment adopted for the transition metals in the spin-polarized
calculations.

2.2. Experimental details

Analytical grade nitrates of the transition metals (R(NO3)s-xH50;
purity >98% in all cases) (see more details in the Supplementary data,
Table S1), and aluminium nitrate (AI(NO3)3-9H-0,
(Sigma-Aldrich,>98.5%)) were mixed in a 1:2 mol ratio and dissolved
in deionized water (Millipore, 15 MOhm-cm) under magnetic stirring for
15 min. Subsequently, citric acid (HOC(COOH)(CH2COOH),; Sigma-
—Aldrich, >99%) was added to the solution in a 3:4 metal:citric acid
mole ratio. After stirring for 30 min, a concentrated aqueous ammonia
solution (Labkem, 30%) was added dropwise to adjust the pH to 7.0 and
the resulting solution was kept at 90 °C until a gel was formed, which
was then dried at 150 °C overnight. The dried gel was thermally treated
at 1100 °C for 1 h in air to obtain a powder [47].

With this sol-gel procedure, the pure phases (as deduced from XRD
measurements, vide infra) of the Al-spinels of Mg, Co, Ni, and Zn were
successfully synthesized. The Al spinels of Mn, Fe, and Cu were also
obtained, although the solids contained significant amounts of their
respective binary oxides.

For the UV-vis band gap measurements, the spinel powder was
deposited over either an F:SnOs-coated glass (FTO, Pilkington TEC15)
substrate (in the case of the Al spinels of Co and Ni) or a quartz substrate
(for the Al spinels of Mg and Zn). Films on substrates have been made by
doctor blading [25]. The optical properties of the films were studied by
solid-state UV-vis spectroscopy, using a Shimadzu UV-2401 PC spec-
trophotometer equipped with an integrating sphere and working in the
diffuse reflectance mode.

X-ray diffractograms of the spinel films were obtained with a Bruker
D8-Advance system, using the Cu Ka radiation with a step scan of
1°-min~1,

Photoelectrochemical measurements were performed at room tem-
perature in a home-made Pyrex glass cell with a fused silica window and
a computer-controlled potentiostat-galvanostat (Autolab, PGSTAT30). A
Pt wire and an Ag/AgCl/KCl(3 M) electrode were used as counter and
reference electrodes, respectively. An Nyo-purged 0.1 M NaOH (Panreac,
98.0%) solution was used as an electrolyte. The light source was an
ozone-free 1000 W Xe(Hg) arc lamp (Newport Instruments) equipped
with a water filter to minimize the infrared contribution of the beam.
Unless otherwise stated, the photoelectrochemical measurements were
carried out by irradiating the electrodes through the electrolyte/elec-
trode interface (EE illumination).
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Fig. 2. (a) Standard primitive normal spinel cell (SG 227), showing the antiferromagnetic ordering considered in the calculations. (b) Scheme of the d-state energy
splitting according to the crystal field theory for a transition metal cation (Co>*, d” as an example) in a tetrahedral environment.

3. Results and discussion
3.1. Formation energies

The formation energy of the spinels from their respective binary
oxides was calculated for two purposes. First, to check whether the
different theory levels lead to similar and consistent values for each of
the oxides considered and, second, to identify those ternary oxides that
are unlikely to form a stable spinel phase.

Fig. 3 shows the formation energies of the RAl;O4 spinels from Al,O3
and the binary R oxide evaluated as described in the Supplementary data
(section S1). The tolerance factor is also plotted and it was evaluated
according to [79]:

~ V3(Ra +Ro)
AR Ro) @

where Ry, Ro and Rg are the ionic radii for Al, O, and R in the RAl,04
spinel.

The formation energy values at the PBE level tend to be too high,
except for the case of Mg (empty d shell), Mn (filled a-spin subshell and
empty f-spin subshell) and Zn (filled d shell). In all the other cases, the
formation energy at the PBE+U and HSEO6 levels is always lower than at

the PBE level. For Ti, V, Ni, and Cu, the formation energy at the PBE+U
level is lower than at the HSEO06 level, while for Cr, Fe, and Co the trend

200 090
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Fig. 3. Calculated formation energies for the RAl,O4 spinels (R = Mg, Ti-Zn)

from the binary oxides, obtained at the PBE, PBE+U, and HSE06 theory levels.
The stars correspond to the tolerance factor values.

is reversed. If we compare the formation energies obtained for the spi-
nels of Mg (at the PBE level), Fe (at the PBE+U level), and Zn (at the PBE
level) with the calculated and experimental formation energies reported
by Hautier et al. [70], a good agreement is found. This can be taken as an
indication that the methodology used is correct. According to the for-
mation energy values, we can distinguish three different groups: spinels
with large positive values (Ti, V and Cr), spinels with moderate positive
values (Ni and Cu), and spinels with negative values (Mg, Mn, Fe, Co,
and Zn).

For all the studied spinels, the tolerance factors are lower than 1. This
is because we have only considered the normal spinel structure, in which
the octahedral site is occupied by Al**, whose radius is very small. For
the Ti, V, and Cr spinels (large positive formation energy), tolerance
factors below 0.80 are obtained because the transition metal ions are too
large for the tetrahedral sites. Otherwise, the size of the transition metal
is adequate for the tetrahedral site. Ni and Cu spinels have a moderate
positive formation energy, attributed to the fact that our calculation
only refers to normal spinels, without consideration of the inverse
structure, which is reported as the thermodynamically stable phase. The
NiFe304 spinel has a high degree of inversion and the normal phase only
forms under very specific conditions (high temperature) [80], while the
CuAly04 has a lower degree of inversion [81].

3.2. Density of states

In this section the electronic structure of the Al spinels is discussed as
a function of the theory level applied for the calculations. Fig. 4 shows
the DOS plots obtained at the HSE06 and PBE+U theory levels with the
tuned values for the o and U parameters. For the sake of comparison,
Fig. S1 shows the DOS for the spinels as determined at the PBE theory
level, while Figs. 52-5S6 show the information given in Fig. 4 and Fig. S1
organized in an alternative way for a better visualization.

The DOS plots in Fig. 4 show a similar electronic structure pattern for
all the spinels in the series (except for those of Mg and Zn). From
negative to positive energies, one finds an O 2p block, a metal 3d block
just below the Fermi level (with filled bands) and, above the funda-
mental band gap, another metal 3d block (with empty bands). In these
blocks the hybridization with electronic states of other atoms is very
weak, which indicates that these are strongly ionic spinels. Finally, at
higher energies, we have a block of highly hybridized O 2p and R 3d
states. In other words, in most cases the band gap is fundamentally
defined by states that come from the transition metal, and it is the
crystal-field energy-splitting effect on the transition metal d-states what
defines the width of the band gap. Under these circumstances, the value
of the U parameter (which only affects the d electrons) strongly
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Fig. 4. Total and partial DOS for the RAl;O4 spinels (R: Mg, Ti-Zn), calculated at the theory levels: PBE+U (top rows of panels) and HSE06 (lower rows of panels).

The adjusted U and o values are also given.

influences the value of the band gap. It is worth noting that, for all the
transition metals (except for Mn), it has been possible to find a U value
that reproduces simultaneously both the electronic structure and the
band gap at the HSEQ6 level. In the case of materials with a high degree
of hybridization between the transition metal d states and the 2p states
of oxygen, very high U values may be needed to reproduce the experi-
mental band gap, causing a significant distortion of the electronic
structure [82].

The spinels MgAl;04 and ZnAl;04 are diamagnetic band insulators.
Li et al. and Phatak et al. reported PBE band gap values for MgAl,04 of
5.41 eV and 6.0 eV, respectively. Li et al. reported a band gap of 7.53 eV
obtained with HSE06 (and 35% of HF exchange). The latter value is
close to the experimental band gap of 7.8 eV [30,31]. For ZnAlyOy4,
experimental band gap values of 5.50 [44], 5.45 [57], and 4.2 eV [56]
have been recently reported. For these spinels, we have obtained the
same main contributions to the valence and conduction bands irre-
spective of the theory level used. The band gap of the MgAl;04 spinel
separates the edge of the valence band constituted by O 2p states from
the edge of the conduction band constituted by Mg 3s and Al 3s empty
states hybridized with O 2p states. Interestingly, there exists a good
agreement between the electronic structure of MgAl,04 shown in Fig. 4
and valence-band XPS measurements for this material [83]. For
ZnAl,04, calculations give an edge of the valence band formed by O 2p
states, while the edge of the conduction band is formed by O 2p states
hybridized with Zn 4s empty states.

Fig. S7 shows the PBE+U DOS obtained with U values in line with
those reported in the literature [68]. For V, Cr and Mn, the adjusted U
values (used for generating Fig. 4) practically coincide with those that

appear in Fig. S7, resulting in the same band gaps. On the other hand, for
Fe, Co, Ni, and Cu, the adjusted U values differ significantly from those
in Fig. S7. The band gap values (and band gap type) found in both the
literature and our calculations (Fig. 4) for the different spinels are
gathered in Table 2.

All the theory levels used in this work predict that the Fe and Co
spinels have a Mott-Hubbard type band gap, and that the Mn, Ni, and Cu
spinels exhibit a mixed Mott-Hubbard charge-transfer behavior. The
agreement between the calculated DOS (with PBE+U and HSE06) of
CoAly04 and experimental valence-band XPS and O K-edge spectra is
remarkable [84], while for NiAl;04 and CuAl;O4 spinels the agreement
with experimental valence-band XPS is not optimal [51,52,85,86]. In
fact, according to the electronic structures calculated for the latter,
substantial hybridization in the valence band between O 2p states and
metal 3d states should occur, although the profile shown by the
valence-band XPS does not indicate such a high degree of hybridization.

3.3. Band structure and effective masses

Fig. 5 shows the band structure for the studied Al spinels, obtained at
the PBE+U level. The calculated effective masses for the charge carriers
obtained from these band structures are reported in Table 3. In the case
of the Mg and Zn spinels, a direct transition centered at the I" point is
obtained, with a very flat valence band in all the k-space, while the
conduction band minimum is very deep. The Mg and Zn spinels have a
highly isotropic electrical conductivity, mainly due to conduction band
electrons, as they have effective mass values around a twelfth and a fifth
that of the holes in the valence band, respectively. Such a large
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Experimental band gaps, calculated band gaps (from the literature), and band gaps calculated in this work (fundamental band gap and charge-transfer band gap) for the

RAl,04 spinels.

Spinel Experimental band gap/eV Calculated band gap/eV (literature) Fundamental band gap/eV Band gap type Minimum CT band gap
PBE PBE+U HSEO06

MgAl,04 7.8 [30,31] 5.2 - 6.8 B -

TiAl,04 0.02 0.94 0.97 MH 4.4

VAL,O04 0.02 1.1 1.3 MH 4.7

CrAl;04 0 1.7 1.8 MH 4.9

MnAl,O4 4.4 [34] 2.21 (U=2eV) [87] 2.4 3.0 3.7 MH/CT 3.0

FeAl,04 1.78 [35] 1.77 (U = 2.5 eV) [35] 0.07 1.5 1.5 MH 3.4

CoAl;04 FBG: 1.8 [36] FBG: 1.78 (U = 2 eV) [87,88] 0.87 1.8 1.7 MH 3.8
CTBG: 3.04-3.6 [34,37,38] FBG: 2.32 (U = 3 eV) [88]

NiAl,O4 FBG: 1.84 [41] FBG: 2.3 (U = 2.8 eV) [80] 0 1.8 1.8 MH/CT 35
CTBG: 3.0-3.45 [37,38,42,44] FBG: 3.9 (U = 6.4 eV) [80]

CuAl,O04 FBG: 1.7-2.3 [47-52] 0 1.7 1.8 MH/CT 4.3
CTBG: 3.0-3.75 [44,51,52]

ZnAl,O4 4.2-5.5 [44,56,57] 3.9 - 5.1 B -

Band gap type and minimum charge-transfer band gap have been evaluated at the PBE+U level. All the minimum charge-transfer band gaps are direct and correspond
to the I point. FBG: fundamental band gap; CTBG: charge-transfer band gap; MH: Mott-Hubbard insulator; CT: charge-transfer insulator; B: diamagnetic band insulator.
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Fig. 5. Band structures for the RAl;04 spinels at the PBE+U level (blue: spin «; red: spin p; both coincide except for VAI;04). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

difference in effective masses suggests an n-type behavior for undoped
nanostructures of these two spinels. In this respect, it should be kept in
mind that the prediction of the n- or p-type behavior of a semiconductor
electrode is only partly based on the mobility of the carriers (in the case
of nanoporous electrodes), but rather on their densities. These densities
result, particularly in the case of oxides, from deviations of the expected
stoichiometry that occur non-intentionally during the materials’
synthesis.

The TiAly04, VAly04 and CrAl»O4 spinels have, respectively, X— I', N
— I'and N —Z indirect gaps. These three spinels have a fundamental
Mott-Hubbard type band gap. In addition, charge-transfer type band
gaps of 4.40 eV, 4.70 eV, and 4.91 eV, respectively, all located at the
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I'-point, are also predicted. In the case of the Ti and V spinels, their
conduction bands are made up entirely of empty 3d transition metal
states, and span over a wide range of energies, with a very deep mini-
mum at the I" point. This implies that the 3d empty states of the tran-
sition metals overlap and hybridize with each other, yielding a
conduction band with a very low effective mass for the electrons.

In the case of the Cr spinel, the lower empty band is also made up
entirely of Cr 3d states, whose energy changes very weakly throughout
the k space. Therefore, they give rise to very large electron effective
masses. In addition, at the I" point, there is another band that forms a
very sharp minimum with the same energy as the first conduction band.
The effective mass for the electrons in this band is only of 0.39m,. For Ti,
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Table 3
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Effective masses of electrons and holes obtained for fundamental band gaps (with Boltztrap2 model) and for charge-transfer band gaps (with the parabolic model) for

the RAl,O, spinels evaluated at the PBE+U level.

Spinel From band edges for fundamental band gap From band edges for CT band gap
me*/me my*/me
x y z X y z me*/me my*/me
MgAl,04 0.41 0.41 0.41 4.87 4.87 4.87 - -
TiAl;04 0.43 0.39 0.39 6.10 4.25 4.25 0.40 0.80
VAL, 0.41 0.41 0.41 17.5 2.60 2.72 - -
CrAlLO4 2.41 241 2.79 2.17 2.17 108.4 0.39 -
MnAl,O4 0.40 0.40 0.40 4.21 4.21 4.21 - -
FeAl,O4 13.1 10.75 8.31 11.55 4.70 50.3 0.39 -
CoAl,04 5.11 5.11 5.11 5.54 5.54 5.54 0.40 0.66
NiAlyO4 20.87 5.58 6.10 0.66 3.35 2.53 0.39 -
CuAl,04 2.28 2.28 2.38 2.65 2.64 1.81 0.39 -
ZnAl,04 0.39 0.39 0.39 1.93 1.93 1.93 - -
V and Cr spinels, the electrical conduction is expected to be mainly . . .
sustained by electrons (hole effective masses several times greater than g. s & 9 g Q g. o} g Q
. = 0z E« z Z
electron ones), which suggests an n-type character for undoped nano- 2 g < g s 9 S g 3 S
structures of these spinels. 0 ¢

Fig. 5 also shows a direct band gap at the I" point for MnAl,04, with a
relatively flat valence band throughout the entire k space, and a very
sharp minimum in the conduction band. The calculated effective masses
(Table 3) indicate that this spinel is a good isotropic electric conductor,
conduction band electrons being the main charge carriers, with an
effective mass more than ten times smaller than that of holes in the
valence band. A P — T indirect band gap for FeAl,04 and an X—L in-
direct band gap for CoAl,04 are also predicted. These two spinels have a
fundamental MH type band gap, and the minimum CT type band gaps
(located at the I'-point) have values of 3.43 eV and 3.82 eV, respectively.
In both cases, the valence band is very flat throughout all the k-space,
while the minimum of the conduction band is very pronounced for the
CT band gap. Considering the effective masses calculated for the bands
involving charge transfer, the electrical conductivity in these two spinels
will be dominated by the conduction band electrons, especially in the
case of FeAl,O4 (Table 3).

The Al spinels of Ni and Cu have indirect band gaps '=P and I'>Z,
respectively. Both materials have a fundamental mixed MH/CT type
band gap, depending on the states involved in the valence band. In any
case, the minimum charge transfer band gap values are 3.50 eV and
4.32 eV respectively, and they are located at the I' point. Ignoring in the
effective mass calculations the band formed by the empty states of Ni
and Cu, we observe that both spinels have an effective electron mass of
only 0.39m,, which points to an n-type behavior for undoped nano-
porous electrodes.

In general, the CT band gaps for the entire series are rather wide,
which is probably determined by the strong ionic character of the Al-O
bonds, together with the fact that transition metal 3d electronic states
(either full or empty) have a strongly localized character because, in
spinels, the interaction between R and O orbitals is favored in an octa-
hedral environment [89]. The spinels with a fundamental MH band gap
have large electron effective masses, which results from the localized
character of the states immediately above the Fermi level. Conversely,
the effective masses of conduction band electrons (associated with CT
band gaps) have low values throughout series. A clear trend cannot be
distinguished for hole effective masses.

3.4. Band edges

Fig. 6 shows a schematic plot of the positions of the conduction and
valence band edges, as well as of the center of the localized states in a
potential energy scale. The position of the band edges is of outmost
importance as it allows to predict the spontaneity of the hydrogen and
oxygen redox processes. In this respect, it is worth noting that, in Elec-
trochemistry, it is customary to assess spontaneity based on equilibrium

roop0Ug07 "
UUDDDD

g

12 L

Fig. 6. Calculated band edges (with the HSE06 band gaps) for the RAl;O4
spinels against the redox pairs H"/H, and 0,/H,0 at pH = 0.

electrode potentials rather than on the direct use of reaction Gibbs en-
ergies. In addition, in Condensed Matter Physics, instead of handling
electrode potentials, it is customary to use electronic potential energies.
The spontaneity criterion for electron transfer leading to hydrogen
evolution is that the conduction band edge should have an energy higher
than that corresponding to the energy level of the H'/H, redox couple.
Conversely, the spontaneity criterion for hole transfer leading to oxygen
evolution is that the valence band edge should have an energy lower
than that corresponding to the energy level of the O/H50 redox couple.

Based on the criteria given above, all the spinels, except for TiAloO4
and VAl;04, which can only oxidize water, may drive both the oxidation
and the reduction processes in water photoelectrolysis. However, for all
the spinels containing transition metals, except for the Mn spinel, the
band structure is not ideal because there exist highly localized electronic
states (either filled or empty) in the middle of the CT band gap. Although
the presence of these states gives rise to lower band gaps, this is not
beneficial for water splitting. In this respect, it is critical that the pho-
togenerated electron-hole pairs separate as quickly and efficiently as
possible, first to avoid their recombination and mutual annihilation, and
second to enable the minority carrier to reach the electrode interface. In
this respect, electron excitations associated with a Mott-Hubbard type
band gap usually correspond to promotions between d-states of the same
atom, which is of little utility for water photoelectrolysis. In the same
way, the presence of states in the middle of the CT band gap may lead to
increased recombination. On the other hand, the CT band gap seems to
be too wide in the entire series for practical purposes, above 3.0 eV in all
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spinels, being only the UV portion of the solar spectrum useable. In
general, in all the Al spinel series, the Al-O bonds have mainly an ionic
character regardless of the transition metal involved, in agreement with
very little hybridization between the d states of the transition metals and
the states of other atoms, which, in turn, renders the transition metal
states highly localized.

3.5. XRD structural characterization

The sol-gel procedure described in the experimental section led to
the synthesis of MgAl;,04, CoAl;04, NiAl504, and ZnAl;04 spinel oxides
in pure crystalline phases. All the peaks appearing in the patterns in
Fig. 7 correspond to the diffractograms typical of these oxides, and no
additional peaks were observed that could be attributed to other crystal
phases. In contrast, no experimental evidence was found for the for-
mation of the Ti, V, and Cr aluminum spinels. This result is not unex-
pected, as for these elements the oxidation state +2 is not the most stable
one. In addition, the experimental conditions of the synthesis, using
aqueous reaction media, and thermal treatments in air tend to favor the
formation of higher oxidation states.

3.6. UV-vis characterization

For the spinels obtained as pure phases, UV-vis diffuse reflectance
measurements were carried out. From the experimental spectra, by
using the Kulbelka-Munk transformation, Tauc plots were obtained,
allowing us to determine both the direct and the indirect band gaps
(Fig. 8) given in Table 4. It is worth noting that a partial inversion of the
spinel (which may occur depending on the synthesis conditions),
together with a lack of stoichiometry can significantly modify the band
gap values due to the presence of localized states within the band gap in
the latter case [30].

For NiAl»04 and CoAl,0y4, in the Kubelka-Munk plots we can clearly
distinguish absorption features in separate wavelength ranges: a band
from 700 nm to 500 nm, and a main contribution below 450 nm. The
first band confers a characteristic blue color to these materials, and it is
due to spin-allowed transitions between the e subshell and the t; sub-
shell of the transition metal. This band indicates the presence of Co?"
and Ni2* in tetrahedral environments and does not give rise to charge
separation, thus not being useful for water photoelectrolysis. On the
other hand, the absorption below 450 nm is due to charge-transfer ex-
citations from O 2p to Al 3s, Al 4p and R 4s [37,38,44,90], giving rise to
charge separation. Due to the presence of defects (and probably
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Fig. 7. XRD patterns for the spinels synthesized as pure phases using a sol-
gel procedure.
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non-stoichiometry, too), a series of localized states, both full and empty,
may appear in the band gap, which gives rise to indirect transitions of
lower energy than the actual indirect band gap for defect-free materials
[30]. As the direct band gap values are more reliable, they are the only
considered for comparison with the theoretical results. For the Ni spinel,
there is very good agreement between the measured and calculated band
gaps, while for the Co spinel there is good agreement for the MH band
gap, but not for the CT band gap (3.82 eV calculated vs. 2.9 eV
measured) (Table 4). It is also important to note that the Kubelka-Munk
plots for Mg, Co, Ni, and Zn Al-spinels show a good qualitative corre-
lation with the corresponding DOS of the conduction band.

3.7. Photoelectrochemical measurements

Fig. 9 shows linear voltammograms obtained under chopped white
illumination for different spinel electrodes in contact with aqueous
alkaline media. In all cases, modest oxidation photocurrents are ob-
tained, indicating that these materials behave as photoanodes. Accord-
ingly, Mott-Schottky plots obtained in the dark (see Fig. S8) show a
positive slope in all cases, confirming that the spinels behave as n-type
semiconductor electrodes.

The spikes observed for the Co spinel photoelectrode (and, to a lesser
extent, for the Ni spinel also) are likely a consequence of hole trapping at
the oxide surface, which induces an increase in recombination upon
continued illumination. The transients are also characterized by nega-
tive spikes when illumination is interrupted. They are related to the
recombination of conduction band electrons with the holes trapped
during previous illumination. Surface hole trapping may be related to
the existence of a valence band dominated by Co?" states, with corre-
sponding surface states that may act as trapping and recombination
centers. Out of the four spinels synthesized, the Co spinel is the only one
that has a valence band with this feature and the only one showing
photocurrents with pronounced spikes.

In all four cases, the experimental photocurrent onset appears at
potentials much more positive than the theoretical ones (corresponding
approximately to the potential of the CB edge). This means that trapping
and recombination both in the bulk and at the surface clearly hinder the
performance of the photoelectrodes. Moreover, the high carrier densities
calculated from the slopes of the Mott-Schottky plots (see Table S3)
indicate significant deviations from the ideal stoichiometry and thus, a
high defect density, which does not favor strong photoresponses. In any
case, the electrodes with a lower onset potential are those containing Ni
and Co. The flat-band potentials obtained from the Mott-Schottky plots
(see Table S3) are in all cases significantly negative to the photocurrent
onset), which confirms the existence of a high level of surface hole
trapping and recombination.

3.8. Comparison of theoretical and experimental results

The R metal in RAIyO4 is occupying the tetrahedral sites in the
normal spinel structure considered for the calculations. The Ti?t, V3T,
and Cr?" cations are too large for the tetrahedral sites, this explaining
the high energy values obtained for their formation from the respective
binary oxides. No indication of the presence of these spinels was ob-
tained by XRD after attempting their synthesis. An additional factor to
be considered is that the sol-gel synthesis involves a thermal treatment
in air, which favors the formation of higher oxidation states for these
metals. For the other metals studied, the XRD experiments showed the
formation of the normal spinel phases, pure in the cases of the Mg, Zn,
Ni, and Co aluminum spinels, and containing some impurities of the
binary oxides in the cases of the Fe, Mn, and Cu spinels.

The analysis of the calculated DOS indicates that a common pattern
for the electronic structure is found for the transition metals in this Al
spinel series (the spinels of Mg and Zn, being diamagnetic band in-
sulators). This common pattern corresponds to a band gap separating 3d
states of the transition metal atom (empty for the conduction band and
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Fig. 8. Kubelka-Munk and Tauc plots for the spinels MgAl,04, CoAl;04, NiAl,O4 and ZnAl,O4.

Band gap values extracted from the Tauc plots in Fig. 8 and calculated band gaps.

Spinel Experimental band gap/eV Calculated band gap/eV

Fundamental Minimum CT Fundamental Minimum CT

Indirect Direct Indirect Direct Indirect Direct Indirect Direct
MgAl,O4 4.2 5.4 - - - 5.2(PBE) 6.8(HSE06) - -
CoAl,04 1.7 1.8 2.0 2.9 1.8 ~1.8 - 3.8
NiAl,O4 1.7 1.8 2.8 3.5 1.8 ~1.8 - 3.5
ZnAl,04 3.8 4.4 - - 3.9(PBE) 5.1(HSE06) - -

filled for the valence band). The transition metal Al spinels thus show an
MH band gap type, except for Mn, Ni and Cu, for which a mixed MH and
CT character was found. The effective masses obtained from the band
edges point to the fact that these materials tend to show an n-type
behavior, with significantly higher effective masses for the holes in the
valence band. In addition, for some of the materials, the electronic
structure indicates a highly isotropic electrical conductivity.

From the positions of the band edges, which are critical to assess
whether a given material can effectively sustain photoinduced redox
processes, all the spinels studied may drive under illumination both the
oxidation and reduction of water, except for those of Ti and V, which
would not be adequate for the reduction of water.

In the cases of the spinels of Ni and Co, the UV-vis spectra indicate
the existence of excitations involving localized states at energies lower
than those of the CT band gap. Accordingly, the electronic structures of
both NiAl,04 and CoAl,04 reveal the existence of a narrow distribution
of states just above the Fermi level, which participate in the definition of
a MH band gap. In addition, a CT band gap is also evident for these two

materials, with conduction band electrons having a much lower effec-
tive mass than that of the holes, underlying the n-type behavior observed
for all the synthesized spinels in the photoelectrochemical experiments
(anodic photocurrents observed at positive enough electrode
potentials).

It should be noted that all of the Al spinels have relatively wide CT
band gaps, above 3.0 eV, which limits their application in artificial
photosynthesis. In addition, in several cases their electronic structure
does not seem adequate due to the presence of strongly localized states
in the middle of the charge-transfer band gap. These states give rise to
coloration, which is not linked, however, to charge separation as
required for photoelectrochemical applications. More work is underway
to extend this type of study to other oxide families.

4. Conclusions

A DFT+U method has been developed to address the theoretical
screening of aluminum-based spinels, which can be potentially extended
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Fig. 9. Linear sweep voltammograms at 20 mV s~ ! for different spinel electrodes under chopped illumination from the Xe(Hg) arc lamp in an N, purged 0.1 M NaOH

electrolyte.

to other oxide families. The method uses PBE+U and HSEO6 calculations
to obtain tuned values for the mixing and Hubbard parameters for the
divalent metal R (R: Mg, Ti-Zn) in normal spinel RA1504 oxides that (i)
reproduce the experimental band gap when available (within 0.1-0.2
eV), and (ii) yield similar electronic structures (DOS) at both theory
levels. It is worth noting that the values for the parameters are optimized
for transition metals in the oxidation state +2 and in a tetrahedral
environment. As far as we know, such U values are lacking in the
literature.

The computational screening, involving calculations at the PBE,
PBE+U, and HSEO6 levels, yields estimates for the formation energies
(from the binary oxides), electronic structure (DOS and PDOS plots),
band structure, band gap types and values, and effective masses of
charge carriers. A very similar electronic structure (DOS) was obtained
for all the spinels in the series except for those of Mg and Zn, the gap
being defined by filled and empty bands with main contributions from
metal 3d levels. Charge-transfer band gaps were also obtained for higher
energy values. Calculated effective masses for the charge carriers (from
the PBE+U band structures) indicate that electrical conductivity should
be mainly due to electrons in the conduction band, which points to an n-
type behavior.

The successful synthesis of the Al-spinels with Mg, Co, Ni and Zn
agrees with the calculated energies of formation from the respective
binary oxides. UV-vis spectra and photoelectrochemical results for these
spinels are also consistent with the theoretical electronic structure. In
any case, it should be noted that, for these oxides, the electronic struc-
ture predicts charge-transfer band gaps above 3.0 eV, even for strongly
colored oxides, which seriously limits their potential application as
electrode materials in artificial photosynthesis. Further studies are
needed to identify potential dopants (either anionic or cationic) that can
lead to a significant reduction of the band gap. In any case, their
application in other fields such as dark electrocatalysis is not precluded
as the localized states are situated at potentials adequate for promoting
either water splitting or other aqueous electrochemical reactions.

From a methodological point of view, a procedure for the DFT study
of new families of oxides is presented and developed for the RAl;O4
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family. In a more general vein, this work shows the great potential of
carrying out theoretical screening calculations for guiding the devel-
opment of new functional materials and, more specifically, photo-
electrode materials.
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