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Abstract

Spinel ferrites exhibit significant promise in photocatalysis and other applications due to their
compositional diversity and favourable electronic structure, magnetism, and partially tuneable
cation distribution. However, their complex properties, for example, the different behaviour of
bulk and nanostructured materials, are not well understood. Here, we combine advanced
computational and experimental methods with reactivity measurements to explore the inversion
degrees, electronic structures, and photocatalytic activities of MFe,O,4 spinels (M = Co, Cu,

Zn). X-ray diffraction and anomalous X-ray scattering measurements determined bulk

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

inversion degrees of 0.81, 0.91, and 0.26 for CoFe,0,4, CuFe,04, and ZnFe,0,, respectively.

Photocatalytic tests showed that only ZnFe,O, is active in the oxygen evolution reaction (OER),

Open Access Article. Published on 30 2024. Downloaded on 2024/10/2 16:15:52.

which correlates with its favourable band alignment, as determined through electronic structure

(cc)

simulations. Surface-sensitive X-ray Absorption Spectroscopy (XAS) measurements provided
insights into the cation distributions at the surfaces, showing significant deviations from bulk
properties, particularly in ZnFe,O4 in which 52% of the near-surface tetrahedral sites are
occupied by Fe cations, compared to 26% in the bulk. DFT simulations of ZnFe,O, illustrated
how the surface terminations can alter the thermodynamic preference for cation distribution in
comparison with the bulk. Our findings illustrate the complex interplay between surface and

bulk properties in spinel ferrites.

Keywords: spinel, photocatalysis, density functional theory, synchrotron techniques
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Spinel ferrites constitute a versatile family of materials with important applications in
photocatalysis,!- 2 water purification,’ biomedicine,* and other fields.> They are metal oxides
with composition MFe,0,, where M represents a divalent metal cation (e.g. Co**, Cu?*, Zn*")
and iron is present in trivalent form, Fe3*. In a “normal” spinel the M?* and Fe3* cations occupy
the tetrahedral (Td) and octahedral (Oh) positions, respectively, of the spinel structure (Figure
1). But for some compositions, the cations are redistributed across the Td and Oh sites, therefore
the formula can be written as (M;_Fe,)[M,Fe,.]O; where () represents the Td sites and []
represents the Oh sites. The degree of inversion (0 < x < 1) is defined here as the fraction of

Fe** cations occupying the Td site.

Figure 1. Crystal structure of MFe,O, spinels represented by a) the conventional cubic cell and b) the
primitive unit cell. Colour scheme: tetrahedral (Td) sites = silver; octahedral (Oh) sites = gold; oxygen =

red.

Spinel ferrites are attractive materials for photocatalytic applications for several reasons.
First, their electronic structure and optical properties can be tuned via their composition and/or
cation distribution, which allows optimising light absorption or targeting specific band
alignments.®® Second, they tend to be chemically stable under a wide range of temperatures
and pH levels.® Third, they are magnetic, which allows for easy recovery and reuse of the
photocatalyst from the reaction mixture, reducing waste and improving process efficiency.’
Spinel ferrites are also relatively cheap catalysts and can be made up of naturally abundant
metals.!% 11 One potential application of spinel ferrite photocatalysts is water splitting to

produce renewable hydrogen gas, H,.!? Spinels such as CoFe,04 and CuFe,O, have been
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reported as potential photocatalysts for water splitting; however, they are typically pused asipart:s 2
of composite photocatalysts.!® 13 Drawbacks of cobalt and copper ferrites include poor
conductivity, insufficient active sites, rapid charge carrier recombination, and irregular
morphology.'# 13, In many studies where activity has been observed, a co-catalyst or sacrificial
agent has been used alongside the spinel-based catalyst; the use of different sacrificial agents,
such as oxalates!® !7 or methanol,'* '® can have a significant effect on the efficiency of the
catalyst. Another common strategy for improving the activity of CoFe,O4 or CuFe,0Oy is
constructing heterojunctions with other wide band gap materials, such as Fe,03'% 20 or C3N,.2!-
22 Compared to cobalt and copper ferrites, zinc ferrite, ZnFe,O,, is a more efficient
photocatalyst.?? In a study by Rodriguez et al.,”* more than twice the amount of H, was
produced by ZnFe,O4 compared to CoFe,O4 over 8 hours with a methanol sacrificial agent.
However, ZnFe,0, is also still often used in conjunction with a co-catalyst or as a hetero-
junction.?® 23 26 Intrinsically altering the spinel by cation substitution, such as Ga in place of
Fe, has proved effective in improving zinc ferrites performance as a photocatalyst.?’” To
overcome the limitations of spinel ferrites for water splitting, a fundamental understanding of
their electronic and photocatalytic properties is required.

Previous work has suggested significant differences in the properties of spinel ferrites
between bulk crystals and nanoparticles.?® ?° For example, the cation distribution in

nanoparticles can be significantly different from that in the bulk, and is heavily influenced by

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

factors such as preparation method?® and/or thermal treatment.3! CoFe,04 is known to have

fully inverse cation distribution (x = 1) in the bulk,3% 33 whereas in nanoparticles lower degrees
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of inversion in the range of x = 0.66 — 0.68 are observed.?® 34 CuFe,0, also displays a high bulk

inversion degree; Siddique et al.?® report x = 0.88 in the bulk compared to x = 0.80 in

(cc)

nanoparticle form. However, inversion degrees as low as x = 0.57 have been observed in copper
ferrite samples with a particle size of less than 10 nm.?> In contrast, bulk ZnFe,O,4 has a very
low inversion degree of x =~ 0,¢ whereas ZnFe,O, nanoparticles display a higher degree of
inversion of up to x = 0.4, depending on particle size and thermal history.3% 37 Understanding
the properties that are inherent to the bulk materials and differentiating them from the effects
of the surface is important in applications including photocatalysis, because both the bulk and
the surface participate with different roles in the photocatalytic process.

In this study we have used a combination of computational simulations, X-ray absorption
spectroscopy, X-ray diffraction, and photocatalytic activity measurements to investigate bulk
and surfaces properties of MFe,O, (M =Co, Cu or Zn) in an effort to rationalise the bulk /

surface behaviour of these metal ferrites nanoparticles (particle sizes < 35 nm). In addition to
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the characterisation of structural, photocatalytic and electronic properties, our modglling offeis; s

A

insights on the departures from bulk behaviour seen in small nanoparticles due to different

behaviour of bulk and surfaces in terms of degree of inversion.

2. Methods
2.1 Ab-initio Simulations of Bulk and Surface Models
The calculations were performed using density functional theory (DFT) as implemented in the
VASP code.’® 3 Geometry optimisations were performed using the generalised gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional.** Hubbard (GGA+U) corrections with U, values of 3.3 eV and 4.0 eV were applied
to the Co and Cu/Fe d orbitals, respectively; these values were obtained by Wang et al.*! via
fitting to the experimental oxidation enthalpies of the corresponding binary metal oxides, and
have been found to transfer well to the study of more complex oxides (e.g. FeSbO,4,*> LaCoOs
and LaFeQO;,* YBayFe; Co,0g,* and BiFe;.,Co,05%). The interaction between the valence
and core electrons was described with the projector augmented wave (PAW) method.*® An
energy cut-off of 520 eV, 30% above the recommended value for the PAW potentials, was used
for all geometry optimisations involving cell volume charges, to decrease the Pulay errors.

For the bulk calculations, primitive unit cells of MFe,O4 (M = Co, Cu, Zn) containing two
formula units were modelled with inversion degrees of x = 0, 0.5 and 1. For each inversion
degree there is only one symmetrically different configuration in the primitive cell, therefore
allowing us to calculate the inversion energy (configurational contribution only) as AE ,n(x) =
E(x) — E(0). The electronic structure calculations to determine the band gap and alignment of
the most stable configurations were completed using the hybrid functional by Heyd, Scuseria
and Ernzerhof (HSE06),*” which includes 25% of Hartree-Fock exchange as well as range-
separated screening with an attenuation parameter of 0.2 A-!. The HSE06 calculations used the
geometries optimised at GGA+U level, i.e. we did not re-optimise the structures at HSE06 level
(but we checked, using ZnFe,Oy as a test, that this is an acceptable approximation, leading to
both cell parameters and band gaps very close, within 0.5%, to those obtained with the full
HSEO06 approach). The band alignment was calculated using the top of the valence band and
the bottom of the conduction band in the HSE06 band structure.

In all calculations, the magnetic moment for Fe3* (and for Co?* in the case of CoFe,Q,) was
initialised in high-spin state.*® 4° For CoFe,Q, there is an additional degree of freedom: both
cobalt and iron cations can exist in 2+ or 3+ oxidation states; therefore, charge transfer could

occur resulting in Co®" and Fe?" being present. Test calculations were completed in which

4
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charge transfer and different spin states of the cations were considered. In all_cases “the s 2
structures were either higher in energy or converged back to the more stable Co?*/Fe** high-

spin configuration. Magnetic moment orientations were initialised at the magnetic ground state
which was found by considering all the possible orientations of the moments. For ZnFe,O4 with
normal distribution, an antiferromagnetic configuration of the Fe3* in Oh sites had the lowest
energy. However, a ferromagnetic orientation of Fe3* in Oh sites was most stable for normally
distributed CoFe,O, and CuFe,0,4. For the ground state of all three spinels structures, when
partially or fully inverse, the Fe3" in Td sites had magnetic moments opposite to the moments

of the Fe3* in the Oh sites.

To simulate the (100) and (111) ZnFe,O,4 terminated surfaces, four periodic slab models of
ZnFe,0, with different terminations separated by a vacuum gap of 10 A were optimised using
the same parameters outlined for the bulk GGA+U calculations. These surfaces of the spinel
are Tasker type-III surfaces, in which there is a dipole moment perpendicular to the surface
which can only be eliminated by surface reconstruction.’® Therefore, we need to modify the
slabs to build stoichiometric, non-polar surface models, which are generally expected to be
stable under neutral (not very reducing or very oxidising) conditions. Having stoichiometric
and non-polar slabs is also important in our work because they are used to estimate the offset

of the macroscopic electrostatic potential between the bulk and the vacuum level. However, it

is generally possible to study deviations in stoichiometry, as done elsewhere for spinel oxides,>!-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

33 to understand the variation in surface stoichiometry with external conditions, such as the

oxygen partial pressure; we have not conducted such analysis here. The details of

Open Access Article. Published on 30 2024. Downloaded on 2024/10/2 16:15:52.

reconstructions of the surfaces for our study are shown in the Supplementary Figure 5, and

the notation for the stoichiometric non-polar surfaces follows the one used in Ref. 52. As seen

(cc)

in Figure 2, reconstructions A and B of the (100) surface terminate on Zn and Fe/O
respectively. Building the (111) presented a greater challenge, as the unit cell needed to be
expanded in both lateral directions. The (111) surfaces are Fe-terminated, but the (111)g
reconstruction also has Zn exposed at the surface, from the second atomic layer. An inversion
on the surface was modelled by switching one Fe atom in an Oh site with one Zn atom in a Td
site on either side of the slabs to maintain the stoichiometry and symmetry. For the most stable

surface termination further inversions were created propagating into the surface.
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Figure 2. Surface structures of ZnFe,0, (100) and (111) surface reconstructions leading to stoichiometric
and non-polar terminations. Only one side of the slab is shown but the other side of the slab is equivalent

by symmetry. Colour scheme: Zn = silver; Fe = gold; oxygen = red.

Surface energies (y) for the different surface terminations were obtained from the equation:

_ Eslab— Epuik
- 2A ?

where Ej,, is the total energy of the relaxed slab, Ey is the energy of the bulk with the same
number of formula units as the respective slab and A4 is the surface area of one side of the slab.
In the calculation both sides of the symmetric slab are allowed to relax and therefore both must

be considered in the surface energy calculation.

2.2. Semi-empirical Simulations of Core-level Spectra

The semi-empirical quantum many-body program QUANTY,*6-3® within the graphical user
interface CTM4XAS,* was used to simulate the Fe L, 3 edges. This semi-empirical approach
considers Coulomb interaction, spin-orbit coupling and crystal-field splitting around a given
species, without consideration of the crystalline structure. Independent calculations were
completed for the three Fe species observed in the spinels: Fe** in Oh and Td symmetry and
Fe?* in Oh symmetry. Based on experience in modelling similar systems, the Coulomb
interaction was scaled to 94% and 88% of the Hartree-Fock values of the Slater integrals,

whereas the spin-orbit coupling parameter were kept at 1.0 (no screening) for both core and

6
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valence levels.”” A broadening of 0.1 eV was used for Gaussian functions and broadenings of. o
0.2 — 0.4 eV were used for Lorentzian functions in both the Near-edge X-ray Absorption Fine
Structure (NEXAFS) and X-Ray Magnetic Circular Dichroism (XMCD) simulations. The
broadening values for each Fe species have been outlined in Table 1, alongside the crystal field
parameters. The integrated Fe?* and Fe3* spectra of the were normalised to the corresponding
numbers of d electrons (6 and 5, respectively). The energies of the simulated spectral shapes

were aligned by fitting to the experimental XMCD signals.

Table 1. Crystal field parameters of independent Fe species for the CTM4XAS input.

Exchange Field / meV
Fe Species 10 Dg / eV
XAS XMCD
Fe** (Td) -0.5 0 -90
Fe3* (Oh) 1.6 0 90
Fe?* (Oh) 1.2 0 90
2.3 X-Ray Diffraction

Powder X-ray diffraction (PXRD) patterns from CuFe,O,4 and ZnFe,O4 samples were collected
on a Rigaku SmartLab diffractometer, using Cu Ka; radiation, in reflection mode and at room
temperature, over a 20 range of 10 — 80°.

In the case of the CoFe,04 spinel, the PXRD technique is limited because Co and Fe have

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

similar atomic numbers (27 and 26, respectively), leading to similar scattering factors, making

Open Access Article. Published on 30 2024. Downloaded on 2024/10/2 16:15:52.

it difficult to distinguish between these cations when they share a given spinel site. For this

sample, an Anomalous X-ray Scattering (AXRS) experiment was carried out on the

(cc)

multipurpose six-circle geometry diffractometer of SpLine BM25 Beamline at the European
Synchrotron Radiation Facility (Grenoble, France). The CoFe,O4 sample was loaded in a 0.5
mm diameter borosilicate capillary, and the recorded diffraction patterns were collected for
sample CoFe,04: one using a beam energy of 20000 eV (6 — 60° 26 range), and another one
using an energy of 7097 eV (15 — 67° 20 range), that is 15 eV below the Fe K-edge absorption
edge at 7112 eV.

The Rietveld method was used for fitting the powder diffraction patterns and crystal structure
refinements, by means of the Topas Academic v6 software. The structural starting model used
for the refinements was the normal spinel structure and, for the case of AXRS data, the
diffraction patterns at both incident energies were fitted simultaneously using the same
structural parameters for CoFe,Oy. In all cases, the A and B cation occupancy at both Td and

7
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Oh crystallographic positions were refined, applying the constrain that both sites should be fully:s 20

A

occupied, and that the final calculated formula should be AB,O,.
Instrument peak profile parameters, which were calculated from a Silicon NIST-640C
standard reference sample measured at the same conditions as the three different samples, were

used to calculate broadening effects, due to crystalline size, and perform particle size analysis.

2.4 Catalytic Testing

The catalytic testing was undertaken at the Catalysis Hub based at the Research Complex at
Harwell. The photocatalytic oxygen evolution was measured at room temperature in a gas-tight
50 mL quartz photoreactor. The light intensity was adjusted to 1 sun (100 mW c¢cm) using an
AM 1.5G mass filtered 300 W Xe source. 25 mg of sample was used for each spinel (MFe,O,,
M = Co, Cu, Zn) measurement in a 0.5 M AgNO; medium to act as the hole scavenger. The
system was purged for 1 hour with 1.5 bar Ar gas. The gas composition was monitored by gas
chromatography with a barrier ionisation discharge (BID) detector (GC, Shimadzu GC- 2010
Plus). The oxygen evolution was measured over 5 hours. Reference measurements for each
medium were taken to normalise the oxygen evolution data for the spinel samples; further

details of the control measurements can be seen in Supplementary Figure 3.

2.5 Near-edge X-Ray Absorption Fine Structure

Near-edge X-ray absorption fine structure (NEXAFS) measurements were carried out on
branch B of the BO7 (VerSoX) beamline at Diamond Light Source (DLS) using the total
electron yield (TEY) mode collected under 1 mbar Helium and corrected for the beamline

transmission. %0 61

2.6 X-ray magnetic circular dichroism

X-ray magnetic circular dichroism (XMCD) measurements were carried out on the 110
beamline at DLS on the electromagnet end station in TEY mode. The measurements were done
at normal incidence with a positive helicity at room temperature. Varied external magnetic

fields of 1.5 - £1.9 T were applied to the spinels.5?

3. Results
3.1 Bulk Structure: DFT Simulations and X-Ray Diffraction
We first discuss the thermodynamics of cation distribution in the three ternary oxides CoFe;Oy,

CuFe,04, and ZnFe,0,. To approximate the free energy of inversion as a function of inversion

8
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degree and temperature, we interpolate the inversion energies obtained from the three DFT: 2
calculations at x=0, 0.5 and 1 using a quadratic dependence, which was originally proposed by
O’Neill and Navrotsky® and has subsequently been used in several investigations of the
thermodynamics of inversion in spinels.®#% The interpolated inversion energy functions,
AE .onf, are shown in Figure 3a. They only depend on the configuration and are therefore

independent of the temperature.
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Figure 3. a) Inversion energies per formula unit (AE s, configurational contributions only) obtained by
DFT, and b) configurational free energies (AF,,s) at 300K (solid line), 600K (dotted line) and 900K
(dashed line) of CoFe,0, (blue circles), CuFe,0, (green diamonds) and ZnFe,0, (pink triangles).

From the calculated inversion energies, the configurational free energy of inversion, AF s,

can be estimated as:
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where AS.,¢is the ideal configurational entropy of inversion:®7- 68

X X
ASeont= —R[xInx + (1 —0)In(1 —x) +xInZ + 2 -0k (1-3)]

There might be other (excess) contributions to the inversion entropy, arising from energy
differences between configurations at a given inversion degree, or from vibrational
contributions. However, previous work® showed that these contributions are relatively small
and can be ignored in a first approximation.

The dominant effect is the inversion energy, whereas the entropic term plays a relatively
small role. Both CoFe,0,4 and CuFe,0,4 reach the minimum inversion energy at x = 1, implying
a preference to be fully inverse. In contrast, the inversion energy of ZnFe,QO, is positive across
the full range of x, with the most stable configuration being normal (x = 0). These results can
be rationalised based on simple physical arguments. In A*'B3%,0%, spinels, the lattice
(Madelung) energy slightly favours the normal cation distribution. Thus, in the absence of
crystal field stabilisation energy (CFSE) effects, the normal distribution is preferred, as
observed for ZnFe,04 (d'° cations like Zn** and d° cations like Fe3" do not have CFSE). In both
CoFe,04 and CuFe,O, the divalent cation is a transition metal with higher CFSE in the
octahedral than in the tetrahedral site (excess octahedral stabilisation energy is 30.9 kJ/mol for
Co?" and 63.5 kJ/mol for Cu?" ¢%); therefore, these spinels favour the inverse distribution.

The inclusion of configurational entropy effects permits the consideration of finite
temperatures within this simple model, but it does not change the picture considerably. The free
energy of inversion variation with x at different temperatures is shown in Figure 3b. In the
cases of CoFe,O4 and CuFe,O,, the free energy of inversion minima occurs at x = 1 even at
high temperatures up to 900 K. On the other hand, the inversion free energy minima of ZnFe,O4
are close to the normal end, ranging from x = 0 at room temperature up to x = 0.2 at 900 K.

We now consider how these theoretical bulk values of the inversion degree compare with
the observed values for small nanoparticles. The nanoparticle size, inversion degree (x), cell
parameter (a) and the oxygen coordinate parameter () of the spinel samples, as determined by
AXRS or XRD with the Rietveld method, are listed in Table 2. The corresponding XRD and
AXRS patterns can be seen in Supplementary Figures 1-2. The particle sizes of the cobalt,
copper and zinc ferrites are 35, 24, and 22 nm respectively. CoFe,04 and CuFe,0, display high
inversion degrees (x) of 0.81 and 0.91 respectively, which are slightly below the DFT-predicted
value of 1 (fully inverse) for both systems. In contrast, the degree of inversion of ZnFe,O4

(0.26), although much lower compared to the cobalt and copper ferrites, is more inverse than

10
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the DFT predicted normal structure. The inversion energy curve, however, shows g yery stidll:c o

x-dependence, therefore small additional entropy contribution can alter the position of the
minimum significantly. Overall, the general trends of x agree with that of DFT predictions and

with previous literature reports.?% 3% 32

Table 2. Summary of experimentally determined (AXRS data for CoFe,0, and XRD data for CuFe,0,
and ZnFe,0,4) and DFT-calculated structural parameters x (inversion degree) and a (cell parameter). The

u parameter determines the O atoms coordinates (u, u, u) in the standard setting of the Fd-3m space

group.
Experimental DFT
(nanoparticles at room temperature) (bulk at 0 K)

Sample Size / nm X alA u x alA u
CoFe,04 35 0.81 8.398 0.246 1 8.423 0.245
CuFe,0,4 24 0.91 8.371 0.249 1 8.409 0.242
ZnFe,0,4 22 0.26 8.439 0.243 0 8.481 0.239

The absolute values of the cell and oxygen parameters of the nanoparticle samples are
generally close to those calculated by DFT, with the largest percentage differences between the
experimental and calculated a and u (2% and 3% respectively) being observed in the case of
CuFe,0,. The trend in a values observed in the experimental data is not seen in the simulation
results as the accuracy of the DFT calculations is not enough to resolve these small differences
between the three spinels. Factors effecting the accuracy of the simulation prediction include
the approximations made in the density functional (the generalised gradient approximation),
the absence of nanostructuring effects (calculations are done for the infinite bulk crystal), and
the temperature difference (0 K in DFT, room temperature for experiment). Also, a direct
comparison between the parameters is difficult as the simulated spinels have extreme inversion

degrees (i.e. x =0 or 1), from which the nanoparticles deviate.

3.2 Electronic Structure, Band Alignment, and Photocatalysis
The water splitting reaction can be separated into half-reactions, the hydrogen evolution
reaction (HER), 2H* + 2e- = H,, and the oxygen evolution reaction (OER), 2H,0O - 4H* + 4e-
+ O,. The kinetics of the OER are substantially slower than those of the HER, as evidenced by
a large overpotential, making this the rate-limiting step.!> 70

The photocatalytic OER using Ag" ions as an electron sacrificial agent on all the samples

was carried out under simulated solar light (1 sun). As seen in Figure 4, CoFe,O4 and CuFe,04
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exhibit very little photocatalytic oxygen evolution across 5 hours of irradiation (< 3, pmol/e of;
0,). In contrast, ZnFe,O, produced approximately 65 pmol/g of O, after 5 hours.

-— COF9204
60 —o— CuFe,O,
—4— ZnFe, 0,

O2/umol g
N oW A
o o o
| | |

—_
o
|

t/h

Figure 4. Photocatalytic oxygen evolution of MFe,0, (M = Co, Cu or Zn) over a time of 5 hours under

simulated sun light using AgNO; as an electron sacrificial agent.

We now attempt to rationalise the photocatalytic behaviour of the samples in terms of the
electronic structures and band alignments. The density of states (DOS), including the partial
DOS contributions from the ions, of the spinels can be seen in Figure 5. In each case, the Fe
3d levels are the main contribution to the conduction band (CB). On the other hand, the
character of the valence band (VB) differs among the spinels: the high-lying filled Co 3d levels
make the main contribution to the VB of CoFe,0,, leading to the narrowest gap in the series;
whereas the absence of d level contributions to the VB of ZnFe,0, leads to the widest gap
among the three spinels. The calculated band gaps of CoFe,0,, CuFe,04 and ZnFe,O, are 1.96,
2.17 and 2.84 eV respectively, which are similar to those observed in respective nanoparticle
samples in the literature.”’> 7> These band gap values are all sufficient in principle for
photocatalysis of the overall water splitting reaction, for which a minimum thermodynamic

potential of 1.23 eV is required.!? 7
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Figure 5. Density of states (DOS) at HSE06 level for a) CoFe,0,4, b) CuFe,0, and c) ZnFe,0, and partial
DOS contributions from Co, Cu, Zn and Fe d orbitals and O p orbitals.

(cc)

In addition to having a suitable band gap, a semiconductor must also have CB and VB
positions straddling the HER and OER levels in order to be a good water splitting photocatalyst
(in a single-semiconductor configuration).'> From the bulk simulations, the CB minimum and
VB maximum are calculated with respect to the average electron potential in the solid. To
compare these potentials with respect to the HER and OER potentials the electronic structure
needs to be aligned relative to the vacuum level. To do so, a slab calculation can be used to
determine the potential difference (AV) between the pseudo-bulk average and the vacuum
potential. Figure 6 shows a stoichiometric slab, with a symmetric (100) terminated surface and

vacuum level.
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Figure 6. (a) ZnFe,0, slab with a (100) termination and (b) the planar-averages of the electrostatic

potential.

The calculated band alignment of the spinels with respect to vacuum scale are shown in
Figure 7, compared with potentials of the water splitting half-reactions. The potentials of the
HER and OER in the vacuum scale at pH = 0 are -4.44 and -5.67 eV respectively. These energy
levels are shifted up with a pH > 0 at temperature T by kgT x pH x In10.4% 73 Therefore, at room
temperature and pH = 7 the HER and OER potentials are -4.03 and -5.25 eV respectively,
corresponding to those seen in Figure 7. Despite all three spinels having a suitable band gap to
catalyse the overall water splitting process, their band alignments do not fit the thermodynamic
requirements, due their high-lying CB minima with respect to the HER potential (-4.03 eV).
The lack of oxygen evolution displayed by CoFe,O, and CuFe,O, (Figure 4) could be
explained by the VB maxima positions, which lie above the OER potential (-5.25 eV). In
contrast, the band alignment of ZnFe,04 meets the thermodynamic requirements for the OER,

with a VB potential -5.90 eV.
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Figure 7. Calculated CB and VB positions and band gaps of MFe,O4 (M = Co, Cu or Zn). Half-

reaction potentials for water splitting are represented by dotted lines.

3.3 Surface Effects
While the prior discussion is focused on bulk properties, the behaviour at the oxide surfaces,

where the actual catalytic reactions take place, might depart considerably from the bulk

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

behaviour. Understanding the surface properties of these complex oxides is challenging, but

some insights can be obtained from using surface-sensitive techniques, such as total electron

Open Access Article. Published on 30 2024. Downloaded on 2024/10/2 16:15:52.

yield (TEY) NEXAFS and XMCD. These techniques probe approximately 2 nm into the sample
surface. The Fe L, ; edges measured in TEY mode by NEXAFS of CoFe,0,4, CuFe,0,, and

(cc)

ZnFe,0, are shown in Figure 8a. The spectral features are dependent on the relative quantities
of each iron species, as calculated in Figure 8b. The intensity of the feature between the pre-
and main edges at 708 eV (indicated by the red arrow in Figure 8a) can be related to the
presence or absence of tetrahedral (Td) Fe**. The width of the main edge at 709 eV is also
affected by the cation distribution. In ZnFe,Oy,, the intensity of this feature is lower compared
to CoFe,0, and CuFe,0,, indicating that there is less Fe3* (Td) (i.e. less inversion) in the zinc
ferrite surface compared to the surface of the other two spinels. Therefore, the same trend in
cation distribution is observed in both the surface and bulk of these materials. However,

quantitively determining the relative amounts of the different Fe species is difficult to do by
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just fitting NEXAFS spectra; more spectral features or information is required, which cdti/be;
obtained from XMCD.

(a) . — CoFe,0,
1.04 — CuFe,0,
] — ZnFe;0y4
3
o
>
i
=
b Calculated
(b) — Fe’* (Td)
---- Fe**[Oh]
24
. S— (1))
n}
=
n
c
2
<
0.0-

T T T
705 710 715
Photon Energy / eV

Figure 8. a) Fe L, ; edge NEXAFS spectra of MFe,O4 (M = Co, Cu or Zn) and b) calculated spectra of Fe3*
(Td), Fe’* (Oh) and Fe?" (Oh) by CTM4XAS.

The Fe L; edges measured by XMCD seen in Figure 9a-c (also collected in TEY mode, and
therefore surface-sensitive) display spectral features that are more distinguishable between the
different Fe species, compared to NEXAFS. The features at 707.5 eV, 708.7 eV and 709.4 eV
can be attributed mainly to contributions from Fe* (Oh), Fe** (Td) and Fe** (Oh), respectively,
with the Oh and Td ions displaying opposite dichroism. The difference of around 2 eV observed
in our spinel XMCD spectra between the Fe?" and Fe** peak maxima in Oh coordination is
smaller than that reported for magnetite (Fe30,4), a fully inverse spinel (2.5 eV).”* However,
the relative shifts between the iron species peak maxima observed in Figure 9a-c are
comparable with XMCD shifts reported of spinel ferrite reported in the literature.” 7 The
relative quantities of the Fe species at the surface can be estimated by fitting a combination of
the calculated species-specific spectra (Figure 9d) to the experimental spectra. Since the

XMCD measurements were also collected in TEY mode, the Fe distribution at the near-surface
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can be determined. The percentages of Fe?"/Fe’* in Oh/Td sites, as derived from the XIMCTY fitice orine
are listed in the Supplementary Table 1. The fit of the CoFe,O4 signal showed 76% percent of
near-surface Td sites are occupied by Fe cations, in contrast to 81% of Fe occupied Td sites in
the bulk. A similar difference was observed in CuFe,O4 with 74% of the near-surface Td sites
being occupied by Fe cations, compared to 91% in the bulk. ZnFe,O, showed a significant
contrast from 26% of Td occupied by Fe in the bulk to 52% at the surface. The XMCD signals
also indicate that around 20% of the Fe in Oh was Fe?" in all three of the samples, indicating

some level of surface reduction which could be explained by the formation of oxygen vacancies

or other surface defects.
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Figure 9. Fe L; edge XMCD spectra of a) CoFe,0,4, b) CuFe,0, and c) ZnFe,0Q, in which the circles are the
experimental data and the solid line are the calculated spectra. d) the calculated Fe L; edge of Fe** (Td),
Fe3* (Oh) and Fe?* (Oh) by CTM4XAS.
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To illustrate how the presence of the surface can alter the preferred cation distribution
observed in the bulk, we conducted DFT simulations in ZnFe,O, slabs with different surface
terminations (Figure 2) and cation distributions (swapping Zn and Fe cations at the top layer).
Only ZnFe,O4 was considered for the surface calculations, since for this composition
nanoparticles have a significant difference in the inversion degree observed in the surface
compared to the bulk. Also, unlike CoFe,0, and CuFe,QO,, zinc ferrite was the only sample that
demonstrated any catalytic activity for the OER.

The relaxation of the different terminations can be seen in Supplementary Figures 6-7. In
the (100)4 and (111)4 terminated surfaces, the surface cations shift towards the bulk by up to
1.2 A, which generates minor distortion or shifting towards surface within their sub-surface
layers. The (100)g sub-surface layers shift towards bulk, however the top cations remain
relatively fixed in the square structure. Minimal cation shifting occurs in the surface and sub-

surface layers in (111)g structures during relaxation.

Table 3. Calculated surface energies (y) of the relaxed terminations of (100) and (111) surfaces of

ZnFezO4.
Cation Distribution at
Surface Termination y / Jm?
Surface
Normal 1.28
A
Inverted 1.26
(100)
Normal 291
B
Inverted 1.91
Normal 2.32
A
Inverted 1.62
(111)
Normal 1.75
B
Inverted 1.61

The calculated surface energies are summarised in Table 3. The most stable surface is the
Zn-terminated (100), surface, whereas the Fe/O-terminated (100)g surface is much less stable.
This result aligns with a previous ab-initio study that found that the (100) surface of zinc ferrite
is always more stable when Zn-terminated, regardless of the presence of O-rich or O-poor
conditions.>* We also find that the (111) surface is less stable than the (100), termination. This
contrasts with the conclusion from a theoretical study by Guo et al.>3 that found that the (111)

surface is the most stable under the range of chemical potentials at which bulk ZnFe,Oy is

18


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta04941a

Page 19 of 27

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 30 2024. Downloaded on 2024/10/2 16:15:52.

(cc)

Journal of Materials Chemistry A

stable. Since we do not perform an analysis here as a function of chemical potgntials, it i85

A

difficult to compare with the results of Ref. 53. However, for the purpose of this work, we are
less interested in the relative stabilities of the surfaces, and more focused on the effect of
changes in the cation distribution at the surface with respect to that of the bulk.

The comparison of the normal vs. inverted distribution of cations shows that in all cases the
surface becomes more stable after the cation inversion at the surface. The (100), surface has
the smallest difference in surface energy between the normal and inverted surface (0.02 Jm2).
In contrast, the (100)g termination was the least stable normal surface, but showed the most
stabilisation with the inversion. The (111)g termination is more stable than the (111)4
termination with no inversion; however, when inverted there is only a 0.01 Jm-? difference in
surface energy between the A and B terminations.

The stabilisation of inversion at the ZnFe,O, surfaces illustrates how surface terminations,
which imply a change in cation coordination, can alter the thermodynamic preferences observed
in the bulk, which were driven by crystal field effects. To investigate how deep this effect can
propagate from the oxide in the top layer, a second cation pair in the sub surface was inverted
in the most stable surface termination, (100)5. The relaxation of this surface can be seen in
Supplementary Figure 8. A similar shift and distortion in the surface and sub-surface layers
is observed in both the (100), surface with one and two inverted cation pairs. The calculated
inversion energies (AE) of the normal and inverted (100), surfaces are shown in Table 4. A
negative inversion energy of -10.6 kJ mol! is observed when one inversion is created on the
surface, therefore increasing the stability as seen in the surface energies (Table 3). When
creating a second inversion in the sub-surface layer the inversion energy is even lower at -16.9
kJ mol-!'. This demonstrates that it is thermodynamically favourable for inversion to be
propagated deeper into top layer of ZnFe,O,. In contrast, creating an inversion in the bulk is an

unfavourable process, with a calculated inversion energy of 10.6 kJ mol-'.

Table 4. Calculated inversion energies (AE) of the relaxed terminations of the (100), ZnFe,O, surfaces

with 0, 1 and 2 inverted cation pairs.

Number of cation pair inversions

Surface AE/ kJ mol!
on surface
0 0.0
(100)5 1 -10.6
2 -16.9
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Given the small size and high specific surface of the oxide nanoparticles, these surface:
effects can have a significant impact on the overall cation distributions in the nanoparticles. It
is indeed reported that small nanoparticles of ZnFe,O,4 tend to have higher degree of inversion
compared to bulk material.3- 77> 7® Due to the nature of the simulated surfaces, an extensive
study of the surface effects, including reduction and oxygen vacancies, have not yet been
investigated. However, given the important role of nanostructuring (and surfaces) in

photocatalysis, these effects deserve further research attention.

4. Conclusions

Our comprehensive study on MFe,O4 (M = Co, Cu, Zn) spinel ferrites, using a combination of
theoretical and experimental techniques, provides insights into their structure, electronic
properties, and photocatalytic behaviours. The results from DFT simulations align well with
experimental findings, revealing distinct inversion degrees and photocatalytic activities across
the spinels. The DFT-predicted preference for inverse configurations in CoFe,04 and CuFe,04
and a normal configuration in ZnFe2O, were confirmed by X-ray diffraction and AXRS
measurements which showed inversion degrees of 0.81, 0.91, and 0.26, respectively.

Among the three spinel compositions, only ZnFe,O, demonstrated photocatalytic activity
for the oxygen evolution reaction (OER), generating 65 umol g! of oxygen over 5 hours under
UV irradiation. This can be attributed to its favourable band alignment, as demonstrated through
our electronic structure simulations. CoFe,0, and CuFe,0,4 do not exhibit OER activity, which
could be explained by their band positions relative to the OER potential.

Surface-sensitive measurements via X-ray Absorption Spectroscopy (XAS) reveal
significant variations in cation distribution at the surface compared to the bulk, particularly in
CuFe,04 (74% of the near-surface Td sites being occupied by Fe cations, compared to 91% in
the bulk) and ZnFe,O4 (52% of the near-surface Td sites occupied by Fe cations, compared to
26% in bulk). These findings highlight the influence of surface chemistry on the photocatalytic
properties of these materials. Further, DFT simulations of surface terminations provided
additional understanding of the stability and properties of the surfaces, showing that cation
inversion is energetically favourable at the surfaces of ZnFe,O,, even if it is not in the bulk.
Our calculations show that the effect of the surface termination in the energetics of cation
inversion propagates beyond the top surface layer. The role of surface defects such as oxygen
vacancies in the stabilisation of cation inversion at the surface requires investigation in the

future.
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This study not only deepens the understanding of spinel ferrites but also illustrates the eriticél: - o
role of both bulk and surface properties in determining the photocatalytic performance of these
materials. Future work should continue to explore the intricate relationship between structural
characteristics and catalytic activities, potentially leading to the development of more effective

photocatalytic materials based on spinel ferrites.
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