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Spinel oxides are promising low-cost catalysts with manifold and controllable physicochemical properties.
Trial and error strategies cannot achieve the effective screening of high-performance spinel catalysts.
Therefore, unraveling the structure—performance relationship is the foundation for their rational design.
Herein, the effects of cations in tetrahedral and octahedral sites on the electronic structures of spinels
were systematically investigated using GGA + U calculations based on ACr,O4 (A = Mn, Fe, Co, Ni, and
Zn) and Zn/LiB,O4 (B = Cr, Mn, Fe, Co and Ni). The results indicate that the octahedrally coordinated B
cations have notable influence on the electronic structures of spinels. The Jahn-Teller active ions Fe?*,
Ni2*, Mn®*, Ni**, Cr** and Fe** can remarkably reduce the band gaps of spinels and even change their
electroconductibilities. These results will provide theoretical insights into the electronic properties of 3d

rsc.li/rsc-advances transition metal spinels.

Introduction

Spinels were initially regarded as precious stones such as the
famous Black Prince's Ruby and Timur Ruby. In 1915, the first
report of the crystal structure of a spinel lifted the veil of gems."
The spinel structure is formulated AB,X,, where A and B are
tetrahedrally and octahedrally coordinated metal cations, respec-
tively, and X is an anion (typically O or F). Fig. 1A presents the
structural model of normal AB,O,, where O>~ has a close-packed
array and A®" and B*" ions are in tetrahedral and octahedral
cages formed by the oxygens, respectively. Each unit cell contains
eight formula units and has a composition of AgB;603,.

Spinels contain a large number of species and embody
almost all main group metals and transition metals.>* The
benefits of spinels, such as tunable composition, electron
configurations, valence and magnetic states as well as low
cost, make them increasingly attractive in optical, electro-
magnetic, information technology, environmental science,
energy storage and conversion fields.*® Recently, their
intrinsic enzyme-mimicking activities, such as peroxidase-,
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oxidase-, superoxide dismutase- and catalase-like activities,
cast light on broad biomedical applications.”™*

However, trial and error strategies cannot achieve the
effective screening of high-performance spinels, which
hinder the rational design spinel catalysts. Recently, Xu et al.
developed cations in octahedral sites as an effective
descriptor to predict spinel catalysts with high oxygen-
reduction reaction (ORR) and oxygen-evolution reaction
(OER) performance.”® Although progresses have been ach-
ieved,”** efforts are still needed to reveal the unambiguous
structure-function relationship. The rational design roots in
the physicochemical properties. According to previous
reports, the electronic configuration of metal cations,* the
occupation of tetrahedral and octahedral sites*® and the spin
orders*»***” are key factors affecting the geometric and elec-
tronic properties of spinels.

Herein, to investigate the effects of cations in tetrahedral and
octahedral sites on the electronic structures of spinels, three
series of spinels (Fig. 1B), where the metals on A and B sites
have continuously varying electronic conformations, namely
ACr,0, (A = Mn, Fe, Co, Ni, and Zn) and Zn/LiB,0O, (B = Cr, Mn,
Fe, Co and Ni), were investigated as the model system. The B
cations in the LiB,O, series have two valence states, particularly
half B*" and half B*". The results indicate that the magnetism of
spinels depends on the indirect exchange of cations (Jym). The
configuration of octahedrally coordinated B cations has notable
influence on the electronic structures of spinels. The results
presented here provide insights into the physicochemical
properties of spinels.
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octahedral cages formed by the oxygen atoms (red spheres). (B) Electron configurations of A>* and B>* ions with increasing 3d electron.

Methods

Calculations were performed under periodic boundary condi-
tions employing the Vienna Ab initio Simulation Package
(VASP).”® Projector-augmented wave (PAW)* pseudopotentials
and Perdew-Burke-Ernzerhof (PBE)** exchange-correlation
functional of generalized gradient approximation (GGA) were
used to describe the interactions between core electrons. Both
geometric optimizations and density of states (DOS) analysis
were performed using a standard Monkhorst-Pack grid*
sampling at 7 x 7 x 7. An energy cut-off was set to 450 eV and the
convergence thresholds for the electronic structure and forces
were set to 10 ° eV and 0.02 eV A~", respectively. The Hubbard U
correction®** was used to make the strong coulomb interactions
of d electrons more accurate. Following a literature survey,”>?*°
the U, values used for 3d metals are shown in Table S1.1

Results and discussion

To verify the ground states for spinels, initial magnetic states
illustrated in Fig. 2 with different spin orders were set for

ACry04 (A = Mn, Fe, Co, Ni)
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Fig. 2 Magnetic states initially set for optimizations. There are three
initial states, namely AFM, FM and FM/, for ACr,O4 (A = Mn, Fe, Co, and
Ni). The net magnetic moments for A, B and the whole bulk are zero in
the AFM state. In the FM state, the magnetic moments of Aand B are in
the same direction, while in the opposite directions in the FM’ state.
There are two magnetic states for Zn/LiB,O4 (B = Cr, Mn, Fe, Co, and
Ni) since Zn?* and Li* have no unpaired 3d electron.
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geometric optimizations. All initial structures with eight
formula units in one unit cell are crystallized in the Fd3m space
group (No. 227). The calculated energies for all magnetic states
are listed in Table S1,T and the geometric structures of the
ground states are illustrated in Figure S1.f The optimized
physicochemical characteristics including the ground state
(GS), lattice parameters, band gap (E,) and magnetic moments
on tetrahedral and octahedral metal atoms (MO and MT) are
listed in Table 1.

Ferrite spinels are of technological interest because of their
magnetic ordering. How the unpaired spins of metal ions are
coupled determines the magnetism of spinels. The 2nd column
of Table 1 lists the magnetic orders for the ground states of the
spinels. The Goodenough-Kanamori rules®”-** predict the local
magnetism, which results from the superexchange coupling of
the electron spins of transition metal ions. The O*>~ ions shared
by two metal ions can mediate the coupling of spins by super-
exchange, as shown in Fig. 3.

In spinel, each magnetic ion at site A has 12 magnetic ions at
site B to undergo A-B exchanges and each B site ion has 6 A site
ions undergo A-B exchanges. Moreover, the angles between A
and B (¢4p) are close to 180° and the distances between A and B
are the shortest. Therefore, the A-B exchanges (Fig. 3a and b)
are the strongest, followed by B-B exchanges (Fig. 3c and d) and
A-A (Fig. 3e) exchanges are the weakest. The above rules can
profoundly explain the magnetic ground states of spinels listed
in Table 1. For ACr,0, (A = Mn, Fe, Co, and Ni), the exchange
between A and its nearest B are the strongest leading to opposite
spin orders on A and B. If the A-B and B-B exchanges (Fig. 3b-d)
are strong enough to oppositely arrange the spin orders of A-B
and B-B, the final magnetism of the spinel will be AFM like
MnCr,0,, where the Mn>" has the largest net spins, as shown in
Fig. 1b. Spinels ACr,0, (A = Fe, Co, and Ni) have strong A-B but
weak B-B exchanges, which finally leads to the FM' magnetic
states. For Zn/LiB,O, (A = Zn and Li; B = Cr, Mn, Fe, Co, and
Ni), the B-B exchanges are the dominating interactions because
Zn>" and Li* have fully and empty occupied 3d orbitals.

The B-B exchanges in Zn/LiB,0, (B = Cr, Mn, Fe, and Co) are
stronger than those in Zn/LiNi,O,, which leads to their AFM and
FM states.

The 3-4 columns of Table 1 list the lattice parameters for the
spinels calculated in present work and as reported by previous
experiments. The relative errors (6) between them are less than

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the calculated ground states (GS), lattice parameters, band gaps (g, in eV) and the magnetic moments (u) on the metal

atoms in tetrahedral (MT) and octahedral (MO) environments®

Lattice parameters E, Magnetic moment (u)

Spinel GS Cal. Exp. 6 (%) Theor. Exp. Umr  Mad mr MmO M3d_MoO

MnCr,0, AFM 8.46 8.44% 0.237  2.91 2.50*°  4.56 3.67 2.95 2.11

FeCr,0, FM* a=c¢=28.41,b=2839 8.38% 0.239 2.15 1.95%  3.69 2.82 2.95 2.11
2.90%

CoCr,0, FM*® 8.36 8.33%0 0.360 2.87 2.77°% 2,70 1.88 2.95 2.11

NiCr,0, FM'*® 4@=28.30,b=c=836 a=38.18,b=8.17,¢c=857" — 2.39 1.70°%  1.75 1.42 2.96 2.12

ZnCr,0, AFM> 8.34 8.31% 0.361 3.30 1.66°* 0.0  0.00 2.95 2.11
3.61%°

ZnMn,0O, AFM>® a=b=863,c=8.0 a=bh=8.10,c=9.24 — 0.22 1.28°¢  0.00 0.00 3.79 2.92

ZnFe,0, AFM>® 8.39 8.46°7 0.827  1.60 1.78°®  0.00 0.00 4.25 3.37

7ZnCo,0, AFM a=c=838b=28.08 8.05 — 1.11 1.71°°  0.00 0.00 3.25 2.40
2.77%°

ZnNi,0, FM 8.17 — — — 0.00 0.00 1.39 0.71

LiCr,0,4 AFM a=c=816,b=8.24 811 — 1.03 0.00  0.00 2.90/2.03  2.07/1.26

LiMn,0, AFM® a=c¢=8.32,b=8.00 8.25°%% — 0.69 0.58°*  0.00 0.00 3.77/2.96  2.90/2.12

LiFe,0, AFM a=bh=2832c=8.05 — — — 0.00  0.00 4.20/3.61  3.32/2.75

LiCo,0, AFM?*® q=8.06,b=c=8.19 7.99,%°8.153% — 0.24 0.00 0.00 3.45/2.78  2.59/1.95

LiNi,O, FM a=8.06b=c=7.80 8.04% — 0.44 0.00  0.00 1.05/0.01  0.45/0.00

% The number of unpaired 3d electrons (n34) of the metals are derived from u (. =

also listed for comparison.

(©)

Fig. 3 Five cases of indirect exchange interactions between A-B (a
and b), B-B (c and d) and A-A (e).

1.00%. In ACr,0, (A = Fe, Co, and Ni), A = Fe and Ni are Jahn-
Teller active ions* with orbital degeneracy and slightly collec-
tive distortion are observed in the relaxed unit cell. For spinels
with nonmagnetic A site ions, namely Zn/LiB,0, (B = Cr, Mn,
Fe, and Co), the antiferromagnetic Jp_ 5 exchange interactions
lead to highly frustrated ground states on the pyrochlore sub-
lattice. This frustration can be released by the spin-Jahn-Teller
effect’”® and lead to lattice distortions. The calculated
magnetic moments (u) on MO and MT are also listed in Table 1.
The number of unpaired 3d electrons (n34) can be derived from
w = y/n(n + 2). Although the calculated 34 are smaller than the
theoretical values illustrated in Fig. 1B, it does not affect the
reliability of the calculations since the rational tendency is
predicted.

To investigate the influences induced by cation A and B on
the electronic structures of spinels, we calculated the projected
density of states (PDOS) of ACr,0, (A = Mn, Fe, Co, Ni, Zn) and
Zn/LiB,0, (B = Cr, Mn, Fe, Co and Ni). The band gaps were also
calculated and are listed in Table 1. Fig. 4A presents the PDOS
for ACr,0, (A = Mn, Fe, Co, Ni, and Zn), which indicate that

© 2021 The Author(s). Published by the Royal Society of Chemistry

n(n+ 2) ). The lattice parameters measured by experiments are

cation A has limited impact on the electronic structures of
spinels. The E; of ACr,0, differs in a narrow range from 2.30 to
3.30 eV. Mn/Co/ZnCr,0, has Jahn-Teller inactive A ions and
thus have similar electronic structures. The Jahn-Teller active
Fe®" and Ni*' can reduce E, because the e’ configuration of Fe*"
raises the valence-band maximum (VBM) and the t,," configu-
ration of Ni*" lowers the conduction band minimum (CBM).
The above-mentioned results can be verified by the fact that the
partial charge populations, corresponding to the VBM of
FeCr,0, and the CBM of NiCr,0, are mainly contributed by the
e orbital of Fe** and the t, orbital of Ni*".

Fig. 4B and C indicate that the electronic configuration of
cation B has notable influence on the electronic structure of
spinel. The Jahn-Teller active Mn®**, Ni**, Cr*" and Fe*" can
remarkably reduce the E, of spinels and even change the
semiconductor to metal and half-metal. The notable differences
between ZnCr,0, and LiCr,O, indicate that the Jahn-Teller
active Cr**in LiCr,0, lowers the CBM to the Fermi level and
notably narrows the band gap of LiCr,0,. The reason is that
CBM in ZnCr,0, is contributed by the e, orbital but by the t,,
orbital with a lower energy level in LiCr,0,4. In ZnMn,0,4, VBM
and CBM are contributed by the two e, orbitals, namely d,> and
d_y2, of Mn®". The introduction of Mn*" in LiMn,0, does not
change the contributions of e, orbitals to VBM and CBM, and
thus, LiMn,0, has similar E, with ZnMn,0,. Compared with
ZnFe,0,, the extra electron on the e, orbital of Fe*' raises the
VBM to the Fermi level and makes LiFe,0, a metal. Analogously,
the single e, electron of Ni*" makes ZnNi,O, a half-metal, while
LiNi,O, is a semiconductor because Ni** is a Jahn-Teller inac-
tive ion with fully occupied t,, orbitals but empty e, orbitals. To
evaluate the quality of the above-mentioned quantum chemical
calculations, we compared the present results with

RSC Adv, 2021, 11, 21851-21856 | 21853
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Fig. 4 The spin-resolved PDOS of ACr,O4 (A = Mn, Fe, Co, Ni, and Zn) and Zn/LiB,O4 (B = Cr, Mn, Fe, Co and Ni). The partial charge density
populations corresponding to some specific states are also illustrated.

experimental data and listed the theoretically calculated and
experimentally measured band gaps in Table 1. The scatter of
the band gap values is associated with different determining
methods. Most of the Exp. E; values listed in Table 1 are optical
band gaps obtained by UV-Vis absorption***36:58396 qor
diffuse reflectance spectroscopy.****> The values indicate that the
calculated band gaps of FeCr,O4, CoCr,04, ZnCr,O4, ZnFe,O,,
ZnCo,0, and LiMn,0, accord well with the experimental
measured values with errors within 0.5 eV.

In summary, the configuration of cation B has notable influ-
ence on the electronic structure of spinels. The Jahn-Teller active
ions Fe*", Ni**, Mn*", Ni**, Cr** and Fe*" can remarkably regulate
the E, of spinels and even change the electroconductibility.

21854 | RSC Adv, 2021, 11, 21851-21856

Conclusions

The spinels are promising low-cost catalysts. Unravelling the
structure-performance relationship is the foundation to realize
the rational design of spinel-based catalysts. Herein, the effects
of cations in tetrahedral and octahedral sites on the electronic
structures of spinels were systematically investigated via GGA +
U calculations. Three series of spinels with varying A and B,
namely ACr,0, (A = Mn, Fe, Co, Ni, and Zn) and Zn/LiB,0, (B =
Cr, Mn, Fe, Co and Ni), were elected as the model system. The
results indicate that the magnetism of spinels depends on the
indirect exchanges of cations (Jyw). The configurations of B
cations in an octahedral O environment, rather than the A in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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tetrahedral ones have notable influence on the electronic
structures of spinels. The Jahn-Teller active ions Fe>*, Ni*",
Mn*", Ni*", Cr*" and Fe*" can remarkably regulate the band gaps
of spinels and even change their electroconductibilities. The
results will provide theoretical insights into the electronic
properties of 3d transition metal spinels.
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