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Structure rearrangements induced by lithium insertion in metal alloying oxide mixed
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Carbon-coated ZnFe2O4 (ZFO-C) spinel ferrite nanoparticles can be used in electrodes for Li-ion
batteries and are known to show capacities larger than those calculated for an ideal spinel structure.
In this work, the local structure evolution and reordering of this material upon lithium insertion
are studied using K-edge and L-edge x-ray absorption near edge spectroscopy (XANES). XANES
simulations corresponding to different lithiation stages are performed using full multiple scattering
(Fe, Zn K-edge, Zn L-edge) and ligand field multiplet (LFM) calculations (Fe L-edge). XANES
simulations are compared with experimental spectra obtained on ZFO-C nanoparticles previously
characterized by electrochemical measurements. It is shown that a satisfactory agreement for the
XANES Fe and Zn K-edges of pristine ZFO-C bulk nanoparticles can be obtained introducing a
mixed spinel structure with Fe and Zn partially occupying tetrahedral and octahedral sites. Upon
lithiation, changes in the XANES spectra are interpreted introducing displacements of the cations
as an effect of occupation of Li into empty lattice sites. In particular, comparison of the simulations
with the XANES data indicates that reversible Li insertion is accompanied by a migration of the
Zn and Fe atoms from tetrahedral to octahedral sites. Furthermore, by studying L-edge XANES
spectra, we show that the relocation and valence change of metal ions occur at earlier lithiation
stages at the surface of the active material, gradually extending to the bulk for larger Li uptakes.



I. INTRODUCTION

Metal conversion-alloying oxides have shown the capability of accommodating large number of alkali metal ions into
their structure and hence are promising materials to be employed as battery electrodes’2. Out of metal conversion-
alloying oxides the ones with the spinel structure in particular have been serving as battery electrodes due to their high
capacity of lithium uptake, being the lithium transport faster in closed pack arrays of the large polarizable anions®.
Ideal Spinel structures have the general form A[B2]Oy , where A refers to the cations on tetrahedral (8a) sites and B
to the cations on octahedral (16d) sites of a cubic structure of the space group symmetry Fd3m. The oxygen anions
are located at the 32e sites forming a cubic close packed array. A total of 64 tetrahedral sites are found, of which
one-eighth are occupied by the A cations. On the other hand, one-half of the 32 octahedral sites are occupied by the
B cations. Thus, it can be assumed that the unit cell of this spinel structure, with 56 empty tetrahedral sites and
16 empty octahedral sites, could easily accommodate the Li ions in the form of [Li.]16.[A]sa[B2]16404. Each empty
tetrahedron and octahedron in the unit cell share at least two faces with the tetrahedral (A atoms) or octahedral
sites (B atoms). Therefore, the short distances and coulombic interactions between a guest ion in an interstitial site
and the A, B ions sitting in a neighboring site prevent the simultaneous occupation of the two. Lithium insertion is
thus accompanied by an internal phase change (forcing the A atoms to move from 8a to 16¢ sites) that transforms
the spinel arrangement to a new rock-salt cation structure in form of [Li,A]16c[B2]16404 7.

Spinel ferrite ZnFe; Oy is one of the well known spinel structures that has shown a promising performance compared
to the graphite electrodes. It has 2.7 times the capacity of the graphite with a relatively stable cycling performance.
The lithiation mechanism in this structure is suggested to occur via insertion of Li ions into the vacant 16¢ sites for
which at lower concentrations of the Li ions (z < 1) uptake occurs without structural evolution. However, at higher
concentrations of the Li ions (x > 1) a displacement of the Zn atom to 16¢ sites due to the strong repulsive interaction
is also expected®?. It has also been suggested that this mechanism is accompanied by the reduction of the Fe ions
which consequently leads to formation of amorphous metallic iron!'%1,

On the other hand, several works have shown that when normal spinel ferrite ZnFe;O4 becomes nano-sized, it
can display a non-equilibrium cation distribution among tetrahedral and octahedral sites'?> '4. An expression for the
mixed spinel structure of ZnFesO4 can be written as [Zn%fyFeiﬂtet [Zni*Fegfy}octOél where y is an inversion coefficient
corresponding to the degree of cation disorder. Iron (III) occupancy of both octahedral and tetrahedral sites in
nanocrystalline ZnFe,O,4 has been extensively proved by Mossbauer spectroscopy!®'6, nuclear magnetic resonance'”,
neutron diffraction'®, x-ray absorption'® and indirectly throughout magnetic measurements'?. The inversion of Zn
has been studied to a much lesser extent, although Extended X-ray Absorption Fine Structure (EXAFS) studies
at Zn K-edge suggest that Zn ions move from their equilibrium positions to octahedral sites when the particle size
decreases?0:21,

In particular, the lithium insertion mechanism in these nano particles can also be affected by the level of inversion
and possibly improve the capacity of this material. Hence, a study aimed to clarify the structural evolution of spinel
ferrite upon Li insertion in the presence of the cation disorders is well motivated.

In this work, we study the structural evolution and reordering of Li-ion electrodes made by carbon-coated ZnFe;O4
spinel ferrite nanoparticles (ZFO-C) upon lithium insertion, using the x-ray absorption spectroscopy (XAS, see for
example???3 and refs. therein). This technique is particularly suited to study the details of the local structure
around selected atomic species, so the environment of the Zn and Fe ions can be studied for different levels of
lithiation. Accurate x-ray absorption near edge structures (XANES) experimental data at Fe and Zn K and L edge
are compared with simulations in order to investigate the local structure around Zn and Fe ions and the degree of
structural modifications induced by lithiation.

II. EXPERIMENT
A. Electrode preparation and electrochemical characterization

Carbon-coated ZnFe204 nanoparticles (ZFO-C) were synthesized by dissolving 0.75 g sucrose (Sigma-Aldrich) in 3.5
ml deionized water (Millipore) and subsequently adding 1.0 g nanoparticulate ZnFe204 (< 100 nm, > 99% trace metal
basis, Sigma-Aldrich) under continuous stirring. The resulting mixture was homogenized by means of a planetary
ball mill (Vario-Planetary Mill Pulverisette 4, FRITSCH; 800 rpm for 1.5 h) and afterwards dried overnight at 80 °C.
The composite obtained was heated up to 500 °C for 4 h in a tubular furnace under Ar atmosphere with a heating
ramp of 3°C min~'. Eventually, the remaining powder was ground manually in an agate mortar for conducting all
further experiments. The carbon coating layer thickness is between 2-5 nm.

ZFO-C electrodes were prepared by using sodium carboxymethylcellulose (Na-CMC, SigmaAldrich) dissolved in
deionized water (5:95 w/w). ZFO-C and Super-P carbon (MMM-Carbon), previously mixed and ground in an agate



mortar, were added to the binder solution, and the resulting slurry was stirred for 5 h with a magnetic stirrer. The
mixture was stratified on Cu foil (whose thickness is 10 pm; the surface was first wetted with acetone and scraped
off with sandpaper) through the Doctor Blade technique and the thickness was set to 100 pm. The obtained layer
was dried at room temperature for 30 min and in an oven at 55 °C overnight. The layer was then pressed by a roll
press to a uniform thickness, resulting in an active mass loading of the order of about 1 mgem 2. Circular electrodes
with a diameter of 9 mm and a surface area of 0.636 cm? were cut and dried overnight at 120 °C under vacuum. The
capacity of electrodes has been calculated considering a specific theoretical capacity of 1000 mAhg~!. Electrochemical
measurements have been carried out by using three electrode T' cells (Swagelock type), using electrodes as working
electrode, and metallic lithium as counter and reference electrodes. A glass fibre (Whatman GF/A) has been used
as separator, and a solution of LiPFg (0.5 M) in EC:DMC 1:1 v/v has been used as electrolyte. All of the cells have
been assembled in a dry-box filled with Ar.

Samples for ex-situ XAS analysis have been prepared by submitting ZFO-C electrodes to selected Li uptakes via via
galvanostatic discharge. Specific Li charging levels were chosen based on the expected effects of the lithium uptake in
the structure of the active material and correspond to capacity and potential values of the electrodes that underwent
XAS characterizations. First Point obtained at E=1.3 V and Q=49 mAhg~! is related to the beginning of Li uptake
by ZFO-C. Second and third points are obtained respectively at E=1.02 V, Q=83 mAhg~! and at E=0.83 V, Q=167
mAhg~!, correspond to the beginning and ending of a short voltage plateau with a high lithium uptake. Finally the
fourth point was obtained at E=0.5 V and Q=836 mAhg~! corresponding to the end of the main plateau.

B. X-ray absorption spectroscopy measurements

High-quality X-ray absorption spectroscopy (XAS) experiments on the electrodes were performed with special care
during the preparation of samples. After suitable electrochemical characterizations as described in section IT A, the
cells have been disconnected. They were then disassembled and washed with dimethyl carbonate (DMC) to remove
the electrolytic residuals. For Hard X-ray experiments, under Ar atmosphere, electrodes were dried and powder
scrapped from the Cu current collector was mixed with ultra-pure cellulose and pressed into pellets. Samples were
sealed in plastic bags suitable for X-ray experiments to preserve them from air and moisture exposure. For Soft X-ray
experiments, electrodes were dried in an Ar atmosphere and kept in sealed packs while transported to the measurement
chambers. Then the samples were placed in the XAS chambers via an argon controlled load lock chamber.

K-edge measurements: Fe and Zn K-edge XAS spectra of different electrodes at selected stages of lithium
insertion (as described in section ITA) were measured in scanning energy mode using a sagittally focusing double
Si(311) crystal monochromator at the BM08 beam line?* of the European Synchrotron Radiation Facility (ESRF).
Two Pd coated mirrors working at an incidence angle of 3.6 mrad were used for harmonics rejection. The beam size at
the sample was about 2x0.3 mm FWHM. XAS spectra were collected in fluorescence mode using a 12-elements high-
purity Ge solid state detector and normalized by measuring the incident beam intensity with an ion chamber filled
with Ar gas. The samples were installed in the standard BM08 experimental chamber, on a manipulator rotated by
45° with respect to the X-ray beam direction. XAS spectra in fluorescence mode were obtained by selecting a suitable
photon energy window in the solid-state detector, enclosing the K, Fe/Zn emission line related to the relaxation of
the photo-excited atoms in the sample. XAS spectra of pure Fe and Zn placed in a second experimental chamber
were acquired simultaneously with each sample scan for continuous monitoring of the energy scale against possible
monochromator instabilities.

L-edge measurements Soft x-ray (Fe and Zn L-edge XAS) experiments were carried out using radiation at the exit
of the 8.1 bending magnet of the ELETTRA synchrotron facility in Trieste (Italy) (BEAR end-station BL8.1L)?. The
spectral energy was calibrated by referring to C 1w — 17* transitions. The incident light was horizontally polarized and
the incidence angle of the light with respect to the sample surface plane was kept fixed at 10° with the s polarization.
XAS measurements were done in total electron yield (TEY) mode and normalized to the incident photon flux. The
TEY technique is surface sensitive, due to the limited probing depth (usually 2 - 10 nm??) related to the electron
mean free path. An estimate of the probing depth related to TEY experiments at the Fe and Zn L-edge can be found
in ref.?3 and result to be slightly different for the two edges: ~ 6 nm (Fe L-edge, around 710 eV photon energy) and
~ 9 nm (Zn L-edge, around 1020 eV photon energy).

III. COMPUTATIONAL PROCEDURE

K-edge simulations. Calculations of the XAS K-edge cross-section were performed within the multiple scattering
theory, using MXAN?6 to run the CONTINUUM code for the calculation of the inverse scattering path operator®7.
The optical potential for phase-shift calculations included the real part of the Hedin-Lundqvist exchange potential and
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the resulting cross-section was broadened using a convolution with a Lorentian function (Half-width HWHM I' = 0.35
eV), for comparison with experimental data. Two kinds of spinel-type structure were adopted for the theoretical
calculation, one being the ideal normal spinel ZnFe;O4 structure with space group Fd3m and the other with an

inverse spinel structure having Zn?* ions residing on the octahedral site at (%%%), and Fe3T ions on the tetrahedral
sites at (%%%). Multiple-scattering calculations were performed for spherical-like clusters with a maximum cluster

size r = 8.44 A, verifying the convergence of the cross-section for increasing numbers of atoms. Calculations were also
carried out for different stages of lithium insertion (see Table II) by inserting selected amounts of Li atoms at the
expected crystallographic positions, following the structure evolution suggested by electrochemical measurements'®.
Furthermore, distinct atomic arrangements either via the inverse spinel or upon lithium uptake are considered in each
case as reported in Tab. I and II).

Spinel ~ Structure  Position No. atoms No. Li Cluster Size (A)

Normal ZnFes Oy 8a 251 0 8.44
ZnFe;0y4 16¢ 221 0 8.53

Li0,4 ZnFeQO4 8a 265 14 8.44

Lio,7 ZHFGQO4 8a 275 24 8.44

Lioj ZHF6204 16¢ 238 24 7.89
LiZnFesOy4 16¢ 251 37 7.89

Inverse ZnFe;0y4 16d 227 0 8.44
Inverse Lig.4ZnFe>Oy4 16d 241 14 8.44
Inverse LiZnFesOy4 16d 251 34 8.44

TABLE I. Parameters of Zn K-edge multiple scattering calculations via lithium insertion for both normal and inverted structure
and considering the migration of Zn atoms.

Zn K-edge XAS calculations for normal and inverted spinel structures were carried out similarly as for Fe K-edge
case, while calculations including migrated Zn atoms (to 16¢ sites) were performed using a cluster with dimension
r = 853 A as results from the new structural arrangement, in agreement with previous calculations reported in
refs.1328 The list of different calculations is reported in Tab. I. For example, in case of inversion/migration, a Zn
atom is relocated at the octahedral 16¢/16d site at the center of the spherical cluster and this position is used for the
photo-absorber site in calculations.

Spinel  Structure  Position No. atoms No. Li Cluster Size (A)

Normal ZnFes Oy 16d 227 0 8.44
Lip.4 ZnFexOy4 16d 241 14 8.44

Lio,7 ZHF6204 16d 253 26 8.44
LiZnFe;O4 16d 261 34 8.44

Li1,5 ZI’IFGQO4 16d 273 50 8.44

Inverse ZnFes Oy 8a 251 0 8.44
Lio_4ZDF€204 8a 265 14 8.44
LiZnFes Oy 16d 257 34 7.80
LiZnFe;O4 16¢ 251 35 7.70
LiZnFesO4 8a 285 34 8.44

TABLE II. Parameters of Fe K-edge multiple scattering calculations via lithium insertion for both normal and inverse spinel
and considering the Fe migration.

L-edge simulations. Fe L;3-edge XANES spectra were simulated within the Ligand Field Multiplet (LFM)
theory framework by using the CTM4XAS code?®, taking into consideration spin-orbit coupling, crystal field effects
and reduction of the Slater integrals (F(dd), F(pd), and G(pd)) to include the inter-atomic configuration interaction®.
Full spin-orbit interactions were considered for both Fe?t and Fe?* cations. The d — d and p — d Slater integrals were
assumed to be 0.8 of the Hartree-Fock values. Octahedral crystal fields of 1.45 and 1 eV were used for Fe?T and Fe3*
cations, respectively. The core-hole lifetime broadening was introduced into the calculation by a Lorentzian with a
half-width HWHM of 0.3 (0.5) eV for L (Lz). The instrumental broadening on the other hand was introduced by a
Gaussian with a half-width of 0.25 eV. The Zn L-edge calculations (see table IIT) were carried using the CONTINUUM
code (driven by MXAN), considering that Zn in the ZFO spinel structure has a fully occupied 3d'° band (both for
the normal and inverse spinel structure) and XANES can be reliably modeled within the multiple scattering theory.



Structure Position No. atoms No. Li Cluster Size (A)
ZnFez Oy 8a 251 0 8.44
ZnFe>O4  16¢ 221 0 8.53

TABLE III. Parameters of Zn L-edge multiple scattering calculations with and without Zn cation migration to 16¢ sites.

IV. RESULTS AND DISCUSSIONS
A. Carbon-coated ZnFe; O, pristine nanocrystals

Normalized Fe and Zn K-edge XANES spectra of the pristine ZFO-C samples are shown in Fig. 1. The experimental
Fe and Zn K-edge spectra are compared with calculated XAS cross sections for the normal spinel at the Fe and Zn edges
(red lines). Details of the full multiple-scattering calculations are reported in the preceding section. The experimental
absorption spectra were normalized using a first order polynomial the pre-edge region and a cubic polynomial the
spectrum after the edge. In case of the theoretical calculations, prior to the edge the cross section values are considered
zero and normalized up to calculated range with a first order polynomial for both pre-edge and post-edge regions
considering the absence of the secondary background in the simulations. The Fe K-edge spectrum contains five clear
features (indicated as A-E), with the pre-edge component A at 7115 eV and four major post-edge components around
7128, 7133, 7139.5 and 7145 eV respectively (See figure 1a). The small pre-edge peak A can be either due to the 1s
to 3d transition or to 1s to 4p transitions®!. Both direct 1s to 3d quadrupole transitions and dipole transitions to 4p
hybridized with the 3d band are possible, though the intensity of the quadrupole transition is generally very low32.
The Zn K-edge also contains five major components (A-E) at 9665.2, 9669.5, 9674, 9687.5 and 9696 eV, respectively
(figure 1b). The results of the XANES simulations obtained using the normal spinel structure (no inversion) show that

a) C Fe b) A Zn

ZnFe,0, Exp.

Simulation

ZnFe,0, Exp. B @
Simulation

" L " 1 r L L
7100 7120 7140 7160 7180 9660 9680 9700 9720
Photon energy (eV) Photon energy (eV)

Fig. 1. Fe (a) and Zn (b) K-edge normalized XANES spectra of the pristine ZFO-C samples, compared with the results of the
multiple-scattering simulations based on the normal spinel state (red lines). The main features of the experimental spectra are
labelled A-E. All of the spectra are normalized to 1 at 7180 eV (Fe) and 9720 (Zn). The intensity of the simulated XANES
cross-section is reduced (x 0.5) for better visibility.

a qualitative agreement with the experiments can be observed in the position of several features, however, exhibiting
several differences that deserve careful consideration. Disagreements can be expected in intensity and position of the
features near the edges, due to the limitations of the calculations (A,B,C). This is due to the fact that reasonable
atomic potentials for scattering by using complex potential must be taken beyond the energy of the first plasmon
pole approximation that means few electron volt from the edge. Below this limit, close to zero and below the edge,
normalization of states is undetermined by the theory. However, the appearance of different features well above the
edges, in a safer region for XANES simulations, suggest that those disagreements may have a structural origin.



In particular, we have considered the possibility of an inversion of the normal spinel lattice structure. Therefore,
further XANES simulations were carried out gradually migrating the cations to the inverted positions in which the
Fe?" ions in 16d site are displaced to 8a and vice-versa for Zn?T from 8a to 16d (see figure 2). Spectral simulations of
Fe and Zn for different degrees of spinel inversion were obtained by weighted sum of two calculations for normal and
inverted spinel. As shown in Fig. 2, the contribution of inverse spinel Fe K-edge XANES includes the D feature (not
reproduced for normal spinel) and seems to improve the agreement with experimental data for the other features. For
Zn K-edge, the E feature is reproduced only when introducing spinel inversion.

— @ Fe 164
Fe C - o2 Zns,
0'4 0 16,
0.6
_______ 0.8
OFes,
@216,
016,
@ Fe 164
Zn 8,

10 0 10 20 30 40 10 0 10 20 30 40
Relative photon energy (eV) Relative photon energy (eV)

Fig. 2. Spectral simulations of Fe and Zn for different degrees of spinel inversion obtained by weighted sum of normal and

. . 2 3 24123
inverted spinel as [anfyFey+]tet [Zny+Fley]oczO4 versus y.

Considering the general formula of disordered ZnFe;Q,4 as [anfyFeer]tet [Zni*FeglLy]octOzl with y being the inver-

sion coefficient corresponding to the degree of cation disorder, we performed a least square fitting procedure separately
for both Zn and Fe K-edge normalized XAS spectra optimizing the y parameter. For Zn K-edge the model XAS spec-
tra were calculated using the following expression a(FE) = (1 — y)aier + Yoet, while for the Fe K-edge we accounted
for the different stoichiometry: a(E) = yauer + (2 — y)oet- The results of the fitting procedures are shown in figure
3 and are in satisfactory agreement with the main features of the experimental XAS spectra. The fitting procedure
was carried out using a parabolic weighting factor in order to reproduce more closely the experiment at higher energy,
taking into account the intrinsic limits of the theory and avoiding possible convolution problems near the edge. The
inversion coefficient y was found to be y = 0.23 4 0.05 for Fe and y = 0.16 + 0.05 for Zn corresponding roughly to an
inversion of about 20%, taking into account the estimated accuracy of the procedure. The calculated inversion degrees
are in substantial agreement with previously reported values for the nano-crystalline ZnFe,O,4 particles?%-33 while in
other cases larger values were indicated for particles of much smaller size and subjected to further treatments!®3436,

B. Structural evolution upon lithium insertion: experimental evidence

The lithium insertion voltage profile is reported in figure 4a. Based on the X-ray diffraction measurments reported
in the supporting information, several Li uptake mechanisms are proposed: intercalation (Eqn. 1); Zn-Fe oxide
formation (Eqn. 2); Zn-Fe oxide conversion to metal (Eqn. 3); Li-Zn alloying (Eqn. 4).1937

ZnFesOy + 1.45LiT 4+ 1.45e~ — Lij 45ZnFes0y (1)
Liy45ZnFes04 + 0.55Li" 4 0.55e~ — LiO + Zn, Fe,O (2)
naFe 0+ 6Lit +6e~ — Zn + 2Fe + 3Liy0 3)

Zn+ Lit +e” — LiZn (4)

The potential values at which the four samples for ex-situ measurements have been taken are marked in the graph,
and are representative of the main reaction domains. Initially, the potential undergoes a rapid decrease down to a
voltage of about 1.5 V which precedes a smoother voltage decrease down to 1.3 V corresponding to Q=49 mAhg—!
(see Fig. 4a). The lithium uptake (Li,ZnFesO,) takes place at this stage in which the lithium atoms start occupying
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Fig. 3. Upper curves: experimental Fe (left) and Zn (right) K-edge normalized XANES spectra compared with the calculation
resulting from a least square fitting procedure (LSF) based on the linear combination of simulations of normal and inverse
spinel structures. Lower curves: results of the multiple-scattering simulations for Fe and Zn in normal (16d, 8a) and inverse
(8a,16d) spinel positions. Normalized XANES calculations are shown displaced by a constant offset (the Feigq multiplied by
0.8 for better visibility).
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Fig. 4. a) Open circuit potential (E) vs specific capacity (Q) of the ZFO-C electrodes obtained during first Li uptake. Potential
and capacity values of the investigated ZFO-C electrodes corresponding to E = 1.3 V and Q= 49 mAhg™', E = 1.02 V, Q= 83
mAhg™', E =0.83 V, Q = 167 mAhg ™" and E=0.5 V, Q=836 mAhg~'. Panels b) and c) contain the normalized experimental
Fe, Zn K-edge XANES spectra of the ZFO-C electrodes for different lithiation stages as indicated in panel a). XANES spectra
of the fresh (non-lithiated) electrode is shown for reference. All of the spectra are normalized to one and shifted with a constant
offset for better visibility.

the empty 16¢ sites up to a concentration z = 0.4, corresponding to Lip 4ZnFe;O4 in Eq. (1), while the Zn atoms
remain in their original 8a sites due to their strong preference for the tetrahedral sites?®.

The second regime takes place from 1.3 V to 1.02 V and corresponds to a capacity Q= 83 mAhg~! and the additional
lithium uptake reaches an average Li content of = 0.9 resulting in Lip gZnFesOy4 (Eq. 2). The further lithium uptake
in this regime can result in an expansion of the spinel structure and the presence of additional Li * ions can lead to a
strong repulsive interaction with the Zn ions occupying nearby sites. Zn atoms can thus migrate to 16c¢ sites, similar
to the case of Fe;O5 lithiation and observed in the lithiation of the spinel ZnFe,O, 71139,

The third lithiation regime can be identified in Fig. 4a by a smooth voltage decrease about 1.02 V to ~ 0.83 V,
preceding a wide voltage plateau. Based on our measurements, a specific capacity of ~167 mAhg~! is obtained at
1.02 V, which corresponds to the formation of an average compodition Li; 45ZnFesO4 (Eq.1). From 0.83 V, the oxide
formation and oxide conversion processes, as summarized in Eqn. (2) and (3), take place at almost constant voltage,
together with SEI formation on top of the active material*®4!. Finally, the sloping line, which includes the E = 0.5



V point where the fourth ex-situ sample has been collected, is representative of the initial stages of the Li-Zn alloying
process.

XANES measurements were carried out on ZFO-C electrodes close to specific lithium charging levels, in order to
study the structural evolution of the spinel structure via lithium insertion. Despite the transfer of the samples within
a controlled atmosphere, it should be mentioned that possible internal rearrangements of the sample may occur,
especially related to a phase equilibration between bulk and surface. Nevertheless, since the Li uptake level has been
previously controlled by galvanostatic discharge, this rearrangement only leads to possible surface/bulk equilibration,
without affecting the average Li content. Furthermore, based on several simulations with distinct Li concentrations,
the small electron transfers to the SEI layer during the first cycle does not affect the effective average Li content. Fe
and Zn K-edge XANES spectra are shown in Fig. 4b,c and compared with the XANES of the non-lithiated (fresh)
electrodes. The evolution of the Fe K-edge XANES in Fig. 4b is quite simple with the characteristic XANES of an
oxide (spinel) converting gradually into a metallic phase. In , the pre-peak A is shifted and eventually merged with
the continuum region at 0.5 V. The B feature is also broadened and practically disappears at 0.83 V. Peak C (white
line) is shifted to lower energies and broadens especially in the metallic phase (0.5 V). Peak D disappears at 0.83 V,
while peak E is finally washed out at 0.5 V.

Similar to Fe K-edge, the Zn K-edge XANES spectra (see Fig. 4c¢) show no significant modifications within the
initial lithiation stage (1.3 V). Further lithiation to 1.02 V, on the other hand, results in a reduction of the intensity
of the C feature. More drastic changes in the intensity of features B, C, D are observed as a result of the accelerated
lithium uptake up to 0.83 V. Finally, for increased lithiation at 0.5 eV, all of the A-E features are broadened indicating
that a structural transition has taken place.

C. Structural evolution upon lithium insertion: XANES simulations

In this section we show the results of Fe and Zn K-edge XANES simulations with the aim of understanding the
local structural rearrangements taking place in ZFO-C electrodes upon lithiation.

In Fig. 5a we report the results of the Zn K-edge XANES simulations for increasing levels of occupation (Zn)
of octahedral (16¢) sites. A modulation in intensity and position of the various features of the XANES spectra is
clearly associated with the migration of Zn atoms from tetrahedral to octahedral sites expected in normal spinel
ZHF€20411739.

Looking at the experimental results, shown in Fig. 5b-d for increasing Li content, we can appreciate the similarity
of the observed XANES features with those obtained in the simulations. The XANES spectrum collected for modest
charging levels (1.3 V) is quite similar to that of the pristine (fresh) electrode so migration of Zn atoms to these
octahedral sites is not activated (while an inversion of about 20% is already present in the pristine nanomaterial).
This result is in agreement with previous suggestions indicating that Zn migration can occur for values higher than
0.4 lithium unit™'°. For higher lithiation levels, the Zn K-edge XANES spectra undergo drastic modifications.

The experimental XANES spectrum reported in Fig. 5c¢ (0.83 V) shows a pronounced B feature which may be
considered as a fingerprint for the migration of several Zn atoms from tetrahedral 8a to octahedral sites specially
16¢. In Fig. 5¢ we include the results of three simulations with Zn atoms in 8a, 16¢ and 16d (see previous section
III) positions. The XANES spectrum still contains components of non-migrated 8a Zn ions, however the complexity
of the mixed normal-inverse (8a,16d) spinel structure in which a portion of the Zn atoms are migrated to 16¢ sites
does not allow for a quantitative determination of the concentration of migrated atoms. However, the growth of the
B feature can be safely assigned to the octahedral sites.

The Zn K-edge XANES reported in Fig. 5d is the result of the further development of lithium insertion (fourth
regime, V= 0.5 V). Here, the presence of Zn in tetrahedral sites may be considered negligible, while the broadening of
the C, D, E features indicates that significant disorder is taking place along with the possible expected contribution of
metallic zinc (reported as Zn® in Fig. 5d) is present. Most of the features associated with octahedral sites, although
broadened, are retained at this stage.

Similar multiple-scattering simulations were carried out at Fe K-edge for different level of the lithium uptake (see
Fig. 6a), considering the Zn migration to the 16¢ sites for increasing lithiation levels. XANES simulations for selected
Li concentrations were carried out considering as a reference either half or all the Zn atoms are moved to the 16¢
octahedral positions, with the Fe ion sites unchanged. The changes observed in the XANES simulations (Fig. 6a)
confirm the sensitivity of the technique to the evolution of the local structure.

The Fe K-edge XANES of the ZFO-C lithiated sample at the initial stage (1.3 V) show modest changes with respect
to the non-lithiated ones. A first important change is obtained during the second lithiation regime (0.83 V). The
experimental Fe K-edge XANES spectrum (0.83 V) reported in Fig. 6b show features that may be assigned to several
different components including the mentioned inversion between Fe and Zn ions and the migration of Zn and Fe ions
to 16¢ sites. XANES simulations related to these structure contributions are also shown in Fig. 6b. In particular,
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Fig. 5. a)XANES Zn K-edge multiple-scattering simulations as a function of the Zn atoms displacement from tetrahedral 8a to
octahedral 16¢ sites (from bottom to top). b) Experimental K-edge XANES spectrum of ZFO-C lithiated (1.3 V) compared with
corresponding simulations carried out placing Zn atoms at 8a sites of the normal spinel (blue) and 16d sites of the inverse spinel
(violet). c¢) Experimental K-edge XANES spectrum of ZFO-C lithiated (0.83 V) compared with corresponding simulations
carried out placing Zn atoms at: 8a sites of the normal spinel (blue), 16d sites of the inverse spinel (violet), 16¢ (migrated) sites
of the normal spinel (red). d) Experimental K-edge XANES spectrum of ZFO-C lithiated (0.5 V) compared with corresponding
simulations carried out placing Zn atoms at: 8a sites of the normal spinel (blue), 16d sites of the inverse spinel (violet), 16¢
(migrated) sites of the normal spinel (red), metal Zn reference foil (Zn°, green). e) Visualization of the structure of ZFO
spinel and its transformation to the rock salt cubic structure via lithium insertion (used in the XANES simulations for different
lithiation stages). All XANES spectra are normalized to one, results of the simulations are multiplied by factors indicated in
figure for better visibility.

the migration of Fe atoms to the 16¢ octahedral sites in the inverse spinel can explain the broadening of the various
post-edge features. This migration may be understood considering that octahedral sites are favored for Fe?* ions®?
and that, similar to what happens to tetrahedral Zn ions, strong coulomb repulsive interactions can also favor this
rearrangement. This migration is confirmed by broadening of the component (D), present at this stage of lithiation in
inverse structure simulation without migration (Fig. 6b-violet) while absent in the simulations considering the Fe/Zn
ions migration (Fig. 6b-red/blue).

The Fe K-edge XANES, reported in Fig. 6¢, shows major changes as a result of the further development of lithium
insertion (fourth regime, V= 0.5 V). While a contribution due to the spinel structure is still visible (see E feature),
iron is mostly found in metallic state as confirmed by the red-shift of the edge and appearance of the characteristic
shoulder (A) and by a broadening of the post-edge features. The comparison with the XANES spectrum of a metallic
Fe foil (green line) indicates that formation of metallic Fe particles takes place at this stage as also expected based on
the eq. (4) and Ref.''. However, the XANES shape does not comply precisely with those of the Fe foil and lithiated
spinel structures. This can be possibly explained observing that metal Fe is obtained in form of small nanoparticles
possibly containing Zn, in which further broadening is expected. Moreover, we should also account for contributions
of the inverse spinel structure which may accommodate a large portion of the inserted lithium, in agreement with
previous calculations indicating a three times higher lithium capacity of the mixed spinel structure with respect to
that of normal spinel®?.

D. L-edge XANES: experiments and simulations

The structural rearrangements are expected to begin at the surface of the active materials, therefore we also carried
out surface-sensitive L-edge XAS studies of the mentioned ZFO-C electrodes. Fe and Zn L-edge total electron yield
(TEY) measurements were performed, with typical probing depths of 6 and 9 nm respectively??. Being the average
size of the ZFO-C nanoparticles around 50 nm?2, only photabsorbing atoms in the superficial layers contribute to the
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Fig. 6. a)XANES Fe K-edge multiple-scattering simulations as a function of the Li concentration and Zn atoms displacement
from tetrahedral 8a to octahedral 16¢ sites (from bottom to top). b) Experimental K-edge XANES spectrum of ZFO-C lithiated
(0.83 V) compared with corresponding simulations with: Fe atoms at 16d sites of the normal spinel (blue) and 8a sites of the
inverse spinel (violet) and migrated Fe atoms to 16¢ of the inverse spinel (red). ¢) Experimental K-edge XANES spectrum of
ZFO-C lithiated (0.5 V) compared with corresponding simulations with: Fe atoms at 16d sites of the normal spinel (blue) and
migrated Fe atoms to 16¢ of the inverse spinel (red). The XANES of metal Fe is shown as a reference for a fully reduced iron
(Fe green). All XANES spectra are normalized to one, results of the simulations are multiplied by factors indicated in figure
for better visibility.

experimental XAS signal (the probed surface atoms are ~7 % and ~ 10 % of the bulk, for Fe L-edge and Zn L-edge
respectively).

Experimental Fe and Zn L-edge XANES spectra are compared with the results of the simulations in Fig. 7. XAS
measurements could only be carried out up to 1.02 V, because for increasing lithiation levels the TEY signals can not be
detected. This effect is related to the progressive development of the solid electrolyte interphase (SEI) that gradually
covers the ZFO-C nanoparticles (see?*4142) and hence diminishes the intensity of the XAS signal. Furthermore, the
participation of the active material (ZFO) into the SEI layer can reasonably be considered negligible?!.

The Fe Lg 3 XAS spectra of the pristine sample clearly show the dominance of iron in the Fe* form (Figure 7a) with
two major components at 708.6 and 710.2 (labelled A and B respectively) and two minor components at 721.8 and
723.6 eV. The initial lithiation stages up to 1.3 V results in a reduction of the Fe?* component although the dominant
contribution remains that of Fe3* . However, at the second lithiation stage (1.02 V) the XAS spectra shows signatures
of the oxidation state in line with that of Fe?t. The intensity ratio between the A and B peaks is clearly inverted. The
broadening visible at L2 edges are due to an additional component at around 717 eV from the strong absorption of
F k-edge , expected from the side reaction with the electrolyte (e.g., LiF, LiP,F5_,). These results indicate that the
reduction of the Fe components starts at the early stages of lithiation, as early as 1.3 V. Furthermore, the extension
of the Fe reduction is much higher near the surface, being Fe?t the dominant phase at 1.02 V. In contrast to the
Fe K-edge results, this suggests that the migration of Fe atoms from 8a positions to 16¢ atoms, in superficial layers,
can occur even within the initial stages of lithiation since the reduction of Fe atoms via the simultaneous electron
uptake causes the reduction of Fe3 to Fe?* for which the preferential site is the octahedral 16¢3?. By comparison
with hard x-ray Fe K-edge data, the reduction propagates into the bulk structure at later stages. Finally, Zn L-
edge multiple-scattering simulations have been performed and compared with XANES experimental data. Separate
calculations were carried out considering first the normal spinel structure with Zn atoms at 8a sites and then a second
structure with the photoabsorbing atom migrated to a 16¢ site. The results are shown in figure 7 and compared with
the experimental spectra. As can be seen in the figure, the Zn Loz edge of the pristine sample presents four major
contributions at 1015.7, 1019.5, 1024.6 and 1030 eV and a broader intense feature at 1040.6 eV (labeled A B,C, D
and F respectively). The position of those features is in reasonable agreement with a majority of Zn atoms in the 8a
sites in the simulations. Within the initial stages of the lithiation, up to 1.3 V, the modification of the intensity in the
spectral shape can be interpreted as a signature of migration of Zn atoms from 8a to 16¢ octahedral sites (decrease
of B, F peaks, relative increase of the other features). Upon further lithiation, this trend is confirmed and there is
a dominant contribution of Zn atoms in octahedral 16¢ sites. Similarly to the results obtained considering the Fe
L-edge, the migration of the Zn atoms is found to occur even at the initial lithiation stages. From the combined
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observation of the results obtained at the K and L-edges, it can be inferred that the Li insertion proceeds gradually
from the surface to the bulk of the ZFO-C particles, and that for a given charge level the Li density is not uniform
inside the active particles being larger at the surface.

V. CONCLUSIONS

In this work, we have studied the evolution of the local structure upon lithiation in Li-ion anodes fabricated using
carbon coated ZnFepO4 nanoparticles, by K-edge and L-edge x-ray absorption near edge spectroscopy (XANES).
Simulations of the XANES data were performed using full multiple scattering (Fe, Zn K-edge, Zn L-edge) and ligand
field multiplet (LFM) calculations (Fe L-edge). Simulations were compared with experimental spectra obtained on
ZFO-C nanoparticles previously characterized by electrochemical measurements. We have shown that a satisfactory
agreement for the XANES Fe and Zn K-edges of pristine ZFO-C bulk nanoparticles can be obtained introducing
a mixed spinel structure [anfyFezﬂtet [Zni*Fegfy]octOzl (y=0 for non-inverted spinel) with Fe and Zn partially
occupying tetrahedral and octahedral sites. A least square fitting procedure applied to the Fe and Zn XANES
spectra resulted in an inversion coeflicient y = 0.23 £ 0.05 for Fe and y = 0.16 £ 0.05 for Zn corresponding roughly
to an inversion of about 20%. The evolution of the XANES spectra upon lithiation was interpreted introducing
displacements of the cations as an effect of occupation of Li into empty lattice sites. The lithium insertion into the
mixed spinel structure was investigated at specific stages of the lithium uptake and capacity. We have shown that
at the initial stages of lithium bulk uptake (Lig4ZnFe30y), Li ions occupy vacant octahedral (16¢) sites while the
normal and inverse spinel structures are preserved. Migration of metal ions from tetrahedral to octahedral sites (16¢)
was observed to start at higher lithiation levels, when Li can also occupy vacant tetrahedral sites. Migration of Zn
ions is mainly due to the large repulsive interaction while for Fe ions also a reduction mechanism Fe?t to Fe?t is
observed. Spinel inversion is found to play a role in the increased lithium uptake capacity of the metal alloy oxides
with spinel structures. For lithiation levels higher than Lij 45ZnFesO4 we observe the signature of metalization for
both Zn and Fe. It is also important to remark that the present study of L-edge XANES spectra has shown that
the relocation and valence change of metal ions occur at early lithiation stages at the surface of the active material,
gradually extending to the bulk for larger Li uptakes. These results deepens the fundamental understanding of the
functionality and structural dynamics of the metal alloy oxides nanomaterials with mixed spinel structures that can
lead to improvement in anode performances.
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Comparison of experimental X-ray absorption spectra of Zn and Fe edges with simulations
shows presence of mixed spinel structure in ZnFe204 nanoparticles.

The XANES spectra upon lithiation is interpreted introducing displacements of the cations as
an effect of occupation of Li into empty lattice sites.

Migration of Zn ions upon lithiation is mainly due to the large repulsive interaction while for
Fe ions also a reduction mechanism Fe** to Fe** is observed.

Spinel inversion plays an important role in the increased lithium uptake capacity of the metal
alloy oxides with spinel structures.

The relocation and valence change of metal ions occur at earlier lithiation stages at the
surface of the active material and gradually extend to the bulk.



