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ABSTRACT: We report an extensive study on fundamental
properties that determine the functional electrochemistry of
ZnFe2O4 spinel (theoretical capacity of 1000 mAh/g). For the
ﬁrst time, the reduction mechanism is followed through a
combination of in situ X-ray diﬀraction data, synchrotron
based powder diﬀraction, and ex-situ extended X-ray
absorption ﬁne structure allowing complete visualization of
reduction products irrespective of their crystallinity. The ﬁrst
0.5 electron equivalents (ee) do not signiﬁcantly change the
starting crystal structure. Subsequent lithiation results in
migration of Zn2+ ions from 8a tetrahedral sites into vacant 16c sites. Density functional theory shows that Li+ ions insert
into 16c site initially and then 8a site with further lithiation. Fe metal is formed over the next eight ee of reduction with no
evidence of concurrent Zn2+ reduction to Zn metal. Despite the expected formation of LiZn alloy from the electron count, we
ﬁnd no evidence for this phase under the tested conditions. Additionally, upon oxidation to 3 V, we observe an FeO phase with
no evidence of Fe2O3. Electrochemistry data show higher electron equivalent transfer than can be accounted for solely based on
ZnFe2O4 reduction indicating excess capacity ascribed to carbon reduction or surface electrolyte interphase formation.

■

INTRODUCTION

One intriguing aspect of this spinel structure is that a high
theoretical capacity of 1000 mAh/g can be predicted in Li
based batteries assuming full conversion of Fe3+ to Fe0 and Zn2+
to Zn0 followed by formation of a Zn−Li alloy, eqs 1 and 2:

Zinc ferrite (ZnFe2O4, ZFO) was ﬁrst reported as a lithium ion
battery anode in 2004.1 It is an ordered spinel in which the O2−
ions form a cubic close packed structure, in which Zn2+
preferentially occupies tetrahedral sites (8a) and Fe 3+
preferentially occupies octahedral sites (16d). This structure
also includes vacant sites (16c) (Figure 1). There are two 16c
vacant sites per formula unit (ZnFe2O4).

ZnFe2O4 + 8Li+ + 8e− → Zn 0 + 2Fe 0 + 4Li 2O,
890 mAh/g

Li+ + e− + Zn → ZnLi,

(1)

110 mAh/g

(2)

The reduction mechanism is widely believed to proceed ﬁrst
via formation of a lithium intercalated spinel in which Li+ ions
insert into the vacant 16c sites, eq 3:
ZnFe2O4 + x Li+ + x e− → LixZnFe2O4

(3)

In general, x is reported within the range of 0.2−2,
depending on the ﬁrst discharge plateau.2,3 For x > 2, the
remainder of the discharge proceeds through as yet unidentiﬁed
intermediates to form metallic species:
Figure 1. Unit cell of ZnFe2O4 (gray, Zn; red, O; brown, Fe) showing
the 16c (black) and 8b (blue) vacant sites in panel a and 48f (pink)
vacant sites in panel b.
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X-ray absorption spectroscopy (XAS) techniques.30 We found
no evidence of Fe3+ in electrochemically oxidized electrodes,
suggesting the presence of a second metal (Zn, Ni, Co) may
allow Fe to access higher oxidation states on oxidation. Such a
ﬁnding is critical to advance the design of materials which can
retain high capacities with cycling.
Herein, ZnFe2 O4 nanoparticles were synthesized via
precipitation followed by a hydrothermal treatment. The
electrochemical testing of as synthesized material is conducted
in lithium-based batteries. The structural evolution and species
identiﬁcation of the ZFO electrode as a function of discharge
and charge are reported here by means of in situ XRD, and ex
situ extended X-ray absorption spectroscopy of both Fe and Zn
K-edge. X-ray powder diﬀraction (XPD) from a synchrotron
source is applied to determine the site occupancy of the
LiZnFe2O4 phase, and Pair distribution function (PDF) is used
to identify the amorphous species at the fully discharged state.
Further, density functional theory (DFT) calculations were
carried out to gain better understanding of the intermediate
structures and mechanism for the initial reduction process.

LixZnFe2O4 + (8 − x)Li+ + (8 − x)e−
→ Zn 0 + 2Fe 0 + 4Li 2O

(4)

ZnFe2O4 shape, morphology, and the presence of carbon
additives can all aﬀect the above reduction process. ZFO hollow
spheres,4 nanoﬁbers,5 and nano-octahedrons6 have been
explored in lithiation process, which demonstrate an average
of 900 mAh/g capacity retained after 30 cycles at 60 mA/g
discharge current density. With carbon additives, including
multiwall carbon nanotubes,7 graphene,8 and amorphous
carbon,9−11 the electrodes have achieved over 1000 mAh/g
theoretical capacity for the initial discharge at a C/50 rate and
maintained a high capacity of 1000 mAh/g until 100 cycles with
a 40 mA/g discharged current density. The ZFO reduction
proﬁle has a characteristic long electrochemical plateau at
around 0.7 V, where carbon reduction or solid electrolyte
interface (SEI) layer can occur simultaneously. SEI components
in the carbon coated ZFO electrodes were assigned based on
Raman data as poly(ethylene oxide) and alkyl carbonate
species. Also, the formation of AsFN complex within the 40 nm
SEI layer thickness when using LiAsF6 as the electrolyte salt,
measured with As K-edge absorption spectroscopies, provides
further evidence.12,13 Previous studies have utilized techniques
that monitor crystalline phase transformations (e.g., X-ray
diﬀraction, XRD) on either Zn ferrite9 or iron metal oxides.14,15
These techniques, however, do not detect amorphous or
nanocrystalline phases, which most commonly form at the end
of discharge for metal oxide electrodes.16
Prior literature reports propose that the LiZn alloy is
expected to form and would account for one electron
equivalent when observed from discharge current. However,
experimental identiﬁcation of LiZn formed from reduced ZFO
to our knowledge exists in only two reports,1,4 where the most
compelling evidence for its presence is the LiZn alloy (111)
diﬀraction peak identiﬁed by PXRD and selected area electron
diﬀraction (SAED)/transmission electron microscopy (TEM)
in the ex-situ electrodes reduced down to below 0.01 V. When
considering that one study on ZnO anodes found only a small
fraction of reduced Zn nanoparticles further reduce to LiZn by
extended X-ray absorption ﬁne structure (EXAFS),17 a key
focus of this study is to identify whether alloy formation can be
observed under more typical discharge conditions and whether
it can account for the delivered capacity.
The oxidation process is widely assumed to form ZnO and
Fe2O3.6,18−23 This assumption is partly based on ZFO’s
capability to retain high capacity (∼90% theoretical, frequently
in excess of 50 cycles). However, to our knowledge, deﬁnitive
structural identiﬁcation of these oxidation products is mostly
used by ex situ SAED/TEM technique. Of these, the ﬁrst such
study assigned FeO, not Fe2O3, as the oxidation product.2
Subsequent reports, which assigned Fe2O3,4,6,24 have done so
while citing Mössbauer studies, which ﬁnd Fe3+ in electrochemically oxidized NiFe2O4 or CoFe2O4.25,26 However, we
note that Mössbauer has also identiﬁed Fe3+ from reduced FeO
electrodes,27 which may also be assigned to a 3FeO = Fe0 +
Fe2O3 disproportionation reaction.28,29 Hence, understanding
the formation of FeO or Fe2O3 during oxidation is a key focus
of this study to determine the recharge electron counts from
ZFO electrode. Our group has recently studied the reduction
and oxidation mechanisms of a close structural analog,
magnetite (Fe3O4), by scanning transmission electron microscopy (STEM)-electron energy loss spectroscopy (EELS) and

■

EXPERIMENTAL METHODS

Synthesis and Characterization. Synthesis. All chemicals used
in the experiment were of analytical grade and used as received.
ZnFe2O4 (ZFO) nanomaterials were prepared using a precipitation
method followed by hydrothermal reaction using DI water as solvent.
Brieﬂy, stoichiometric solutions of Zn and Fe are added concurrently
to a DI water solution of excess triethylamine in an ice bath. The
precipitate is collected, vacuum-dried, then treated hydrothermally at
220 °C for 12 h. The ﬁnal sample is vacuum-dried.
Materials Characterization. XRD measurements were collected
using a Rigaku Smartlab diﬀractometer with Cu Kα radiation for initial
phase determination. Quantitative elemental analysis of zinc and iron
was determined by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) performed using a ThermoScientiﬁc iCap
6000 ICP spectrometer. TEM images of Zn ferrite were obtained using
a JEOL JEM 1400 instrument. N2 sorption (adsorption−desorption)
measurements were performed with a Quantachrome Nova 4200e
instrument and a multipoint BET (Brunauer, Emmett, and Teller)
method was used for calculating the surface area.
Electrochemical Methods. Some electrodes were prepared using a
slurry cast method with ZFO as active material combined with carbon
and polyvinylidene ﬂuoride binder at a mass composition of 70:20:10.
Additional pellet electrodes were prepared using either 100% ZnFe2O4
or a mixture of 90% ZFO and 10% carbon and were used as electrodes
for full discharge and 1 ee reduction at C/50 rate (based on theoretical
full discharge of 9 ee) discharge, respectively. Electrochemical cells
were assembled using lithium metal as the counter electrode and 1 M
LiPF6 in ethylene carbonate and dimethyl carbonate at volume ratio of
30:70 electrolyte. The reduced ZFO material was recovered, sealed in
polyimide tube in Ar-ﬁlled glovebox, and stored in inert atmosphere
during the synchrotron X-ray powder diﬀraction measurement.
Cyclic voltammetry (CV) was applied to two electrode cells using
lithium as the reference and counter electrode between 0.2 and 3.0 V
at a scan rate of 0.1 mV/s for two cycles. The electrochemical cells
were also tested in galvanostatic mode using voltage limits of 0.2 V for
reduction and 3.0 V for oxidation. Cells were reduced using 100 mA/g
(C/10) for the initial discharge mechanism study, electrodes were
discharged to 0.5ee, 2ee, 4ee, 8ee, fully reduced (12ee), and then
oxidized at 100 mA/g (C/10) rate to 3.0 V. All electrodes were
recovered in glovebox and were sealed between polyimide tape for Xray absorption spectroscopy measurements.
X-ray absorption spectroscopy (XAS) measurements of undischarged material, material reduced to 0.5ee, 2ee, 4ee, 8ee, fully reduced
(12ee), and oxidized ZnFe2O4 coatings were collected at the Materials
Research Collaborative Access Team (MRCAT) beamline, Sector 10BM, of the Advanced Photon Source at Argonne National Laboratory.
B
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using Fd3̅m primitive cell, which included eight formula units. For
ZnFe2O4, the DFT-optimized lattice parameters (8.54 Å) and
magnetic moments (4.3 μB) are in good agreement with the values
measured experimentally (8.45 Å in Table 1; 4.2 μB).45 To determine

With a double crystal Si (111) monochromator, each sample was
measured in transmission mode at both the Fe K-edge (7.112 keV)
and Zn K-edge (9.659 keV) utilizing 22 cm long ionization chambers
with 50:50 volume ratio of N2/He in the incident ion chamber and
85/15 N2/Ar in the transmission ion chamber. A Fe or Zn foil was
used for initial beam energy calibration for each K-edge energy and
was measured simultaneously with each experimental sample to ensure
proper energy alignment of multiple scans.
The XAS spectra were aligned, merged, deglitched, and normalized
using Athena.31 The built-in AUTOBK algorithm was used to limit
background contributions below Rbkg = 1.0 Å. Each spectrum was ﬁt
using k, k2, and k3 k-weighting simultaneously with a k-range of 2.0−
12.0 Å−1 and a Hanning window with dk = 2. The ﬁtted R-range was
typically 1.0−3.8 Å but was contracted to 1.0−3.1 Å in highly
discharged samples. The R-range was selected to fully encompass the
second shell peaks in the spectrum. Theoretical structural models
based on ZnFe2O4,32 FeO,33 and Fe metal34 crystal structures were
created using FEFF6.35,36 The selection of structural models used for
each ﬁt was dictated by the results of the ﬁtted parameters: if the
variables resulted in physically or statistically unreasonable values, the
corresponding phase was removed from the overall model. In addition,
to accurately track the relative amplitudes of each phase (and
correspondingly the number of neighboring atoms), the S02 parameter,
which accounts for intrinsic losses in the electron propagation and
scattering process that governs XAS, was ﬁt to either a Fe or Zn
standard and was applied to all experimental ﬁts.
Powder diﬀraction was performed at beamline 28-ID-1 (XPD-1) at
the National Synchrotron Light Source-II (NSLS-II) at Brookhaven
National Laboratory. Undischarged, 1ee, and fully discharged samples
were sealed within a polyimide capillary with minimal exposure to
atmosphere during data acquisition. The X-ray wavelength was
calibrated to 0.18321 Å. Diﬀraction measurements were collected
using a 16-in. CsI scintillator. The two-dimensional data were
integrated to simulate a one-dimensional pattern using Fit2D
software.37 Rietveld reﬁnement was conducted on the undischarged
ZnFe2O4 and 1ee electrochemically lithiated material utilizing GSAS-II
to accurately obtain the lattice parameters, Debye-Wahler, site
occupancy, and crystallite size.38
In addition to XRD measurements, atomic pair distribution function
(PDF) measurements were also acquired at the XPD-1 beamline at
NSLS-II on undischarged and fully discharged ZnFe2O4 pellets.
Conversion to PDF, G(r), was performed using PDFGetX3 via a
Fourier transform of the entire diﬀraction pattern.39 A spectrum of an
empty polyimide capillary was utilized for background removal before
the conversion with QMax set to 20 Å−1 for both sample patterns. QBroad
and QDamp were determined to be 0.0267 and 0.0188 Å−1, respectively,
by modeling a Ni standard and were applied to both experimental ﬁts
to accurately account for instrument related eﬀects. The PDF patterns
were analyzed using PDFgui40 software in a R-range of 1−70 Å. A
combination of ZnFe2O4 and bcc Fe metal crystal structures were used
to model the experimental data.
To evaluate the overall structure evolution during discharge of ZFO
electrode, in situ X-ray diﬀraction was collected on Rigaku Miniﬂex
during reduction and oxidation of ZnFe2O4 electrode pouch cells
controlled by a Biologic potentiostat using a C/10 rate. Each XRD
scan took 33 min and corresponded to 0.5 electron equivalent transfer.
The in situ cells delivered somewhat lower capacity than that observed
in coin cells due to higher resistance of the pouch cell conﬁguration
compared to coin cell. However, the voltage plateau remains
comparable and provides information regarding the structure change
during reduction and oxidation.
DFT Calculations. DFT implemented in the Vienna ab initio
simulation package (VASP) was employed.41,42 The spin-polarized
calculations were carried out with the PAW potential.43 By using the
PBE exchange-correlation functional44 and a kinetic energy cut oﬀ of
520 eV, a Hubbard U correction of Ueff = 5.3 eV was applied to the Fe
d orbitals.30 The tetrahedron smearing method with Blöchl corrections
was used with the total energies converged better than 10−4 eV. The
ﬁrst Brillouin zone was sampled using a 4 × 4 × 4 k-mesh. The
nonlithiated and lithiated ZnFe2O4 crystal structures were modeled

Table 1. Comparison of Fitting Results for As Synthesized
and 1 ee Discharged ZFO;

a

variable/sample

undischarged

1ee discharged

Rwp of ﬁt (%)
lattice parameter (a)
crystallite size (nm)
microstrain (%)
Zn in 8a (% of the total Zn)
Zn in 16c (% of total Zn)
Fe in 16d (%)
Debye-Wahler: Zn
Debye-Wahler: Fe
Debye-Wahler: O

3.224a
8.4508(1)
14.1(1)
0.450(2)
100
0
100
0.0068(1)
0.0028(2)
0.0058(5)

9.875
8.4977(5)
14.0 (1)
1.28(1)
54.1(3)
45.8(4)
100
0.0040(5)
0.0044(9)
0.014(2)

Graphic ﬁtting is shown in Figure S3.

the position for each Li atom inserted into ZnFe2O4, a variety of
possible vacancy sites were considered, where only the most stable
conﬁguration was chosen in our DFT calculations.

■

RESULTS AND DISCUSSION
Material Characterization Results. ZFO was identiﬁed by
powder X-ray diﬀraction, and Figure 2 shows the pattern along
with the reference of PDF No. 01−089−7556. The position of
the Bragg diﬀractions and their relative intensities match very
well with the cubic spinel, space group Fd3m
̅ . The crystallite
size was determined to be 11 nm based on the Scherrer
equation46,47 from the most intense (311) peak, which is
consistent with the TEM images in Figure 3. Elemental analysis
from ICP-OES showed a Zn/Fe ratio of 0.98:2, consistent with
the expected stoichiometry. The speciﬁc surface area is 72 m2/g
based on BET measurement with pore size of 6.5 nm (Figure
2b). The speciﬁc surface area is higher when compared to prior
reports of ZFO nanorods (40.51 m2/g),48 and ZFO nanoﬁbers
(11.6 m2/g),49 which is due to the smaller size with diﬀerent
morphology. Previous reports have described speciﬁc surface
areas as high as 112 m2/g for 10 nm ZFO nanoparticles, which
is probably due to the larger pore size of the material (7.6
nm).50
Electrochemical Testing and in Situ XRD. Cyclic
voltammetry was collected at a 0.1 mV/s sweep rate with
voltage limits of 0.2 and 3.0 V for reduction and oxidation,
respectively. The ﬁrst cycle curve is shown in Figure 4a (black).
Two small cathodic peaks can be observed at ∼1.46 V (peak a)
and ∼1.04 V (peak b), followed by a major sharp peak at ∼0.73
V (peak c). These peaks correspond to three observed plateaus
in a galvanostatic reduction test, identiﬁed as peaks 1, 2, and 3
in Figure 4b. The ﬁrst and last peaks also agree well with the
DFT calculations (see below), which have values of 1.64, 1.58,
and 0.89 V, respectively. Integration of total charge during each
plateau yielded molar electron equivalents of 0.5 and 2 for
peaks 1 and 2, respectively.
The total cycle 1 delivered capacity (1460 mAh/g, 13
electron equivalents) is larger than the theoretical capacity
(1000 mAh/g, 111 mAh/g = 1 Li), likely due to contributions
from SEI layer formation and carbon reduction in plateau
3.12,51 The discharged electron equivalents assignment will be
discussed discussed below after the EXAFS analysis. To verify
C
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the contributions from the carbon reduction, the background
capacity of discharge from carbon alone cell (90% carbon with
10% binder) is determined, which gives the initial discharged
capacity of 940.3 mAh/g (Figure S1), suggesting that 209
mAh/g capacity (around 2 ee) is due to carbon in the Zn ferrite
electrode cell. On the ﬁrst anodic potential sweep, there is one
broad anodic peak centered at ∼1.56 V, which is consistent
with the oxidation proﬁle seen in the galvanostatic test, where
one plateau with an operating voltage of 1.56 V is observed.
These results indicate a ﬁrst reduction occurring with insertion
and conversion (phase change) mechanisms, followed by one
phase change process on oxidation.
In the second cycle, the CV scan showed cathodic peaks at
1.23 V (d) and 0.92 V (e) (Figure 4a) and anodic peak at 1.6 V,
which are shifted ∼0.04 V to higher potential compared with
the cycle 1 anodic peak. The ZFO electrode demonstrated 880
mAh/g capacity (8ee) on cycle 2 during reduction with one
plateau at an operating potential of 1.0 V, and 800 mAh/g
capacity on oxidation with an operating potential at 1.75 V.
These results indicate that subsequent reductions result in
fewer phase changes than that in the ﬁrst reduction.
To analyze the initial reduction in more detail, we ﬁrst
consider the prior literature suggesting that ZFO lithiates to
Li0.5ZnFe2O4 and Li2ZnFe2O4 during the insertion process.4,7,19
Because this ﬁrst step is expected to yield crystalline products,
we performed in situ XRD analysis. Figure 4c shows in situ
XRD data taken at each 0.5 electron equivalent over the ﬁrst 7.5
electron equivalents. The interferences from Cu and Li foil are
indicated.
The ZFO (044) peak (62.02 deg) is chosen to identify the
phase change during lithium insertion process. During
discharge, the (044) peak shifted to a lower two theta angle
from scan 1 to 3 and with a more dramatic change notable
between scan 3 to scan 4 (Figure 4d), which is between 1.0 and
1.5 electron equivalents discharge.
To investigate the structure on the 1ee reduced sample in
more detail, we performed synchrotron-level diﬀraction of the
electrochemically obtained LiZnFe2O4 material, Figure 5.
The graphical result of the Rietveld analysis of the
synchrotron XPD data from the 1ee discharged material is
shown in Figure 5 and the voltage proﬁles of 1ee and 0.2 V
reduced electrode are shown in Figure S2. The Fd3m
̅ crystal
structure32 and isotropic crystallite size and microstrain models
were utilized for both reﬁnements. Values for some important
parameters are shown in Table 1.
Rietveld analysis of the lithiated (reduced) material
(LiZnFe2O4) shows that the lattice parameter has expanded
(to 8.4977 ± 0.0005 Å), which corresponds to a 0.56%
expansion with respect to the starting lattice parameter of a =
8.4508 ± 0.0001 Å. This is notably less than that predicted by
DFT (below) at only 0.56%, as opposed to 4.4%. Compared
with the lithiation process of CoFe2O4 spinel material,52 which
demonstrated a 2% lattice expansion at 0.55 Li+ insertion per
formula unit, the much smaller expansion at 1ee in our case
may due to the inherent 6.5 nm pore size of the synthesized
ZnFe2O4 material (Figure 2b).
The XPD reﬁnement on LiZnFe2O4 material reveals that
46% of the Zn has migrated to the 16c site, while 54% of the Zn
remains in the 8a site at 1ee lithiation. This agrees almost
perfectly with the DFT results, which predict a 50:50 split.
Cation migrations during lithiation were also observed in other
diﬀerent cation spinel materials. Permien studied the lithiation
process of (Mn0.7Fe3+0.3)A[Mn0.3 Fe3+1.7]BO4 material using57

Figure 2. (a) X-ray powder diﬀraction of synthesized ZnFe2O4 from
Cu Kα wavelength and (b) N2 adsorption and desorption isotherms of
ZnFe2O4 nanoparticles. The inset in panel b is pore-size distribution.

Figure 3. TEM images of ZnFe2O4 material at diﬀerent magniﬁcation:
(a) 100k and (b) 300k.

D

DOI: 10.1021/acs.chemmater.7b00467
Chem. Mater. XXXX, XXX, XXX−XXX

Chemistry of Materials

Article

Figure 4. (a) Cyclic voltammogram of ZnFe2O4 electrode at 0.1 mV/s for the ﬁrst two cycles; (b) galvanostatic proﬁle for cycle 1 and cycle 2 of
ZnFe2O4 electrode at 100 mA/g current density; (c) full two theta range of in situ XRD stack plot during galvanostatic reduction; (d) (044) peak
evolution of the ﬁrst ﬁve scans up to 2.0 ee reduction; (e) (044) peak evolution from scan 6 to 16, and scan 16 is the last one during reduction.

With further lithiation, the intensity of the overall spectrum
including the peak (044) decreases (Figure 4e), indicating the
amorphization of the material. Speciﬁcally, the intensity after
scan 9 (4 ee discharge at this point) is dramatically (80%) lower
than that in scan 6. This phenomenon is also observed in other
spinel material even though the amorphization may occur at
variable lithiation level, for example, the spinel diﬀraction
disappeared at 2 Li+ per MnFe2O4 or CoFe2O4 formula unit,
while insertion of 4 Li+ per MgFe2O4formula unit transformed
the crystalline material to an amorphous matrix. To investigate
the structure and species evolution further, we pursued ex-situ
XANES and EXAFS analysis from partially discharged ZnFe2O4
electrode.
X-ray Absorption near Edge Spectroscopy (XANES).
X-ray absorption near edge spectroscopy of both Fe and Zn Kedge for a series of ex-situ electrodes at diﬀerent level of
discharge is measured to track the changes in their oxidation
states. Figure 6 shows the XANES of Fe (left) and Zn (right)
K-edges of ZnFe2O4 electrode during various states of the
reduction along with the nondischarged electrode. The
discharge proﬁles for all these ex situ electrodes are shown in
Figure S4.
In the undischarged state, the Fe K-edge energy (deﬁned as
the maximum of the ﬁrst derivative of χμ(E)) is 7126 eV. As
reduction begins, the edge shifts slightly to the lower value of
7124 eV at 0.5ee, 2ee, and 4ee. However, a large shift occurs to
a metallic-like edge position of 7112 eV is observed once the
material has been discharged to 8ee and kept at the same
energy when it was reduced to 0.2 V, labeled as “1st discharge”
in the graph. The spectra at both 8ee and ﬁrst discharge align
well with the Fe metal standard, which is shown in the red
dashed lines (left graph).

Figure 5. Rietveld analysis on 1ee discharged ZFO recovered from cell
using ZFO with 10% carbon as the electrode.

Fe Mössbauer spectroscopy where all Fe3+ ions on the 8a site
are reduced at initial uptake of 0.3 Li+ per formula with
migration to 16c site and more Fe3+ is reduced with further Li+
insertion accompanying with both Mn2+ and Fe2+ moved to
empty 16c sites from 8a sites.53 A report on CoFe2O4 spinel
material also proposed the cations movement during early
lithiation stage and the completion of movement at 2.0 ee
depth of discharge indicated by disappearance of spinel
diﬀraction and domination of rock-salt diﬀraction in the XRD
pattern.54
E
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the undischarged state, the Fe K-edge clearly identiﬁes
neighboring Fe16d and Zn8a atoms at distances of 2.6 and 3.2
Å, respectively, consistent with the structure of as synthesized
ZnFe2O4. Notably, peaks in |χ(R)| are about 0.3 Å shorter than
the actual interatomic distance due to phase shifts in the
scattering process.
At 0.5ee reduction, there were no statistically signiﬁcant
changes in Fe K-edge except a reduction in the [Fe]16d −
[Zn]8a bond peak at about 3.2 Å. Also, for the Zn K-edge scan,
the second shell peak at about 3.1 Å becomes broader at 0.5ee.
Therefore, there must be a process initiating on [Zn]8a at this
point. With more lithiation to 2ee there are clear changes,
including the disappearance of the shoulder peak (ca. 3.2 Å) at
Fe edge and the shift to about 2.8 Å of the second shell peak at
Zn edge. The bonds on [Zn]8a site, about 2.8 Å distance, are
signiﬁcantly shorter than the Zn−Zn distance in common
oxides (e.g., Zn−Zn peak is observed at ca. 3.0 Å in ZnO) and
signiﬁcantly longer than that observed for Zn metal (ca. 2.5
Å).17 Therefore, we infer that Zn2+ ions should be still in the
spinel structure by the time of 2ee but start to move from
original 8a site from 0.5ee.
On the basis of inspection of possible sites in the original
[Zn]8a[Fe2]16dO4 structure, Zn atoms likely shift to the vacant
16c site, where the expected average [Zn]16c-[Fe]16d distance
would be about 2.97 Å. The structure indicating 16c cite can be
seen in Figure 1. Notably, almost half of the Zn ions migrated
to the 16c site in the 1ee discharged sample have been
determined from the XPD reﬁnement. All the changes in Rspace are mirrored in the modeling results. Using both the
[Zn]8a[Fe2]16dO4 and [Zn]16c[Fe2]16dO4 models to ﬁt the Zn K
edge at 0.5ee data works very well. By the time the electrode
has been discharged to 2ee, there is no evidence for Zn atoms
in the 8a site from the Fe edge spectra due to the disappearance
of [Fe]16d − [Zn]8a bond peak at about 3.2 Å and also from the
complete shift the second shell peak at Zn K-edge. Fitting both
Fe and Zn edge with one [Zn]16c[Fe2]16dO4 model conﬁrms
this argument, though it is at odds with the DFT results which
suggest a 25%/75% split in the old and new sites at two
electrons.
Further lithiation to 4ee deﬁnitely causes Zn to shift from 8a
to 16c, as Fe and Zn spectra require both Fe and Zn
neighboring atomic contributions to be modeled correctly. The
diﬀering backscattering behavior of neighboring Fe and Zn
atoms creates a subtle constructive interference behavior for
which a single Fe or Zn atom cannot adequately account. By
using the [Zn]16c[Fe2]16dO4 model, both the Fe and Zn K-edge
modeling results are in excellent agreement that the Fe−Zn
interatomic distance shifts from 3.52 ± 0.02 Å in the
undischarged state with [Zn]8a[Fe2]16dO4 structure to 2.97 ±
0.02 Å in [Zn]16c[Fe2]16dO4 phase at 4ee.
Once reduced to 8ee, the original ZnFe2O4 structure was no
longer present, which could be determined from both Fe and
Zn K-edges. Fe metal peak at about 2.0 Å is clearly observed in
Fe K-edge, and the spectra is ﬁtted very well by using an Fe
metal phase. In Zn K-edge, a signiﬁcant oxygen contribution is
present with the ﬁrst shell peak at about 1.5 Å indicating the
presence of ZnO phase and the dramatic decrease in the about
2.8 Å peak demonstrates the disappearance of spinel structure.
When reduced to 0.2 V, a primarily metallic Fe environment
was observed in Fe edge. In Zn edge, the EXAFS modeling and
XANES spectra showed the minimal changes from the 8ee state
except the broadening of the second peak suggests that the Zn
is in a highly disordered oxide phase when reduced to 0.2 V. Fe

Figure 6. XANES spectra of pristine ZnFe2O4 and diﬀerent depth of
discharge electrodes for Fe (L image) and Zn (R image) edges. The
electrodes recovered after the ﬁrst discharge (top spectra), overlaid
with appropriate standards, speciﬁcally Fe0 (L image, dashed red line),
ZnO (R image, dashed black line), and Zn0 (R image, dashed red line).

The Zn K-edge XANES, however, exhibit less signiﬁcant
shifts in edge energy as the Fe K-edge. In the undischarged
state, the edge position is 9664 eV, and the edge energy shifts
to slightly lower values of 9663 eV after 4ee. When reduced to
0.2 V, the edge is shifted to a ﬁnal value of 9662 eV, which is
still a signiﬁcantly higher energy than metallic Zn (9659 eV),
suggesting a large fraction of the Zn atoms are still in an
oxidized state. For comparison, the spectra of Zinc oxide
(ZnO) and Zn metal (Zn0) are also shown with dashed black
and dashed red lines, respectively, in which the Zn K-edge
XANES spectra of ﬁrst discharge aligns well with that of ZnO,
conﬁrming that Zn metal or ZnLi alloy has not formed at this
discharge state.
Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS). k2-weighted |χ(R)| (Fourier transform of χ(k))
of both the Fe and Zn K-edge spectra are shown in Figure 7. In

Figure 7. k2-weighted |χ(R)| of both Fe and Zn K-edges at variable
depths of discharge: 0.5, 2, 4, 8ee, and fully discharged, including the
undischarged starting state.
F
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Figure 8. Interatomic EXAFS modeling results for both the Fe and Zn K-edge during the initial discharge. The Zn K-edge results directly specify
which phase the results are attributed to, either standard ZnFe2O4 (solid symbols), “shifted” ZnFe2O4 with Zn atoms moving to vacant sites in the
structure (open symbols), and the highly disordered zinc oxide phase (solid symbols).

metal model and amorphous ZnO model ﬁt both Fe and Zn Kedge spectra very well, respectively.
The graphs of the ﬁt for the undischarged, 0.5ee, 2ee, 4ee,
8ee, and reduced to 0.2 V electrodes are shown in Figures S5,
S6, and S7, respectively. For nanomaterials, a reduction in the
number of neighboring atoms determined through EXAFS
analysis may be roughly related to particle size/morphology.55−57 Number of neighbors for metallic Fe was 2.8 ± 0.9 at
0.2 V discharge voltage. Assuming spherical particle morphology and taking into account the nominal number of
neighboring Fe atoms is 8 for bulk bcc Fe metal, this correlates
to estimated particle sizes on the order of several nanometers,
which is in agreement with amorphous synchrotron XRD of
fully discharged electrode (Figure S8).56 We performed PDF
analysis (shown below) of the fully discharged electrode, which
conﬁrmed the presence of Fe metal.
The summarized interatomic EXAFS modeling results are
shown in Figure 8. Zn2+ ions begin to migrate at 0.5ee
discharge since both phases, [Zn] 8c [Fe 2 ] 16d O 4 and
[Zn]16c[Fe2]16dO4, are needed to ﬁt EXAFS spectra for Zn Kedge. Absence of EXAFS at 1ee makes it hard to know the
species details. However, the XPD of 1ee ex situ electrode that
is mentioned above showed that almost half of the Zn2+ ions
migrated to 16c site, which is supportive of and consistent with
our EXAFS data.
At 2ee discharge, there was no residual original
[Zn]8c[Fe2]16dO4 phase, and the EXAFS at Zn K-edge spectra
ﬁt well by using one [Zn]16c[Fe2]16dO4 new phase. Fe metals
and amorphous ZnO are formed at 8ee discharge, which stays
the same until reduction to 0.2 V. Previous study on carbon
coated ZFO electrode proposed that the initial 0.4ee lithiation
did not change the lattice arrangement, while at 0.9ee, all Zn2+
ions migrated from 8a to 16c site. Their work showed similar
phenomena with our EXAFS and XPD results but occurred at
diﬀerent depth of discharge, which was probably due to the
faster discharge kinetics by using ZFO electrode with an
amorphous carbon layer.9

PDF spectra of undischarged and ZnFe2O4 reduced to 0.2 V
with the corresponding ﬁtted structural models are shown in
Figure 9. The undischarged ZnFe2O4 aligned well with the

Figure 9. PDF spectra of undischarged and fully discharged ZnFe2O4
pellets (black lines) with corresponding ﬁtted structure results (red
lines).

expected crystal structure determined from Rietveld reﬁnement,
with an Rwp value of 17% over the ﬁtted range. The ﬁtted PDF
structure results in a crystallite size of 8.6 ± 0.4 nm, which is
slightly smaller than the value (11 nm) determined from XRD
and TEM.
When reduced to 0.2 V, there is clear emergence of bcc Fe
metal in the pattern as evidenced by an intense peak at about
2.5 Å (Figure 9). This was accurately modeled to bcc Fe metal,
with corresponding crystallite size of 1.8 ± 0.4 nm. Also
observed in the reduced material spectrum is the initial
ZnFe2O4 structure present in a small relative phase percentage
to the Fe metal nanoparticles (ca. 6:1 ratio of Fe metal/
ZnFe2O4). This suggests that 15% of the active material in the
G
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DFT + U Calculations. DFT+U calculations were
performed to gain further insights into the structural changes
in the initial discharge process. To compare with our
experimental observations, three key reduction intermediate
states, LixZnFe2O4 (x = 0.5, 1, and 2), were studied. As shown
in Figure 1, in the spinel structure of ZnFe2O4, Zn2+ ions
occupy the tetrahedral 8a sites and share faces with octahedral
16c vacancy sites, which provide a possible pathway for Zn2+
ion displacement. The octahedral 16c, tetrahedral 8b and 48f
sites are prospective vacancies for Li intercalation. According to
our calculations, at 0.5ee of reduction, Li+ ions all energetically
prefer the 16c sites (Figure 11a). In agreement with the
XANES measurement, the calculations also observe the
spontaneous displacement of the adjacent Zn2+ ions from the
8a to the 16c site (Figure 11a) upon Li+ intercalation to the 16c
site, which is due to the strong electrostatic repulsion of
neighboring octahedral Li+ and tetrahedral Zn2+ ions. The
amount of displaced Zn2+ ions to 16c sites at 0.5ee is 25%
(Figure 11a), which increases to 50% at 1ee together (Figure
11b) and 75% at 2ee (Figure 11c), while Fe3+ ions remain at
16d site during this reduction process. Our calculations agree
well with in situ XRD, synchrotron reﬁned XPD of 1ee
discharged sample, showing that the ratio of Zn2+ ions in the
16c site with 8a site was close to 1:1 and the occupancy of Fe
ions at 16d sites (Table 1 above). Diﬀerent from the cases at
0.5ee and 1ee, Li+ ions at 8a sites are observed at 2ee of
discharge, as all preferential 16c sites have been ﬁlled (Figure
11c). During the discharge process, the cell volume expansion
with respect to pristine ZnFe2O 4 (V 0 = 622.99 Å 3 ),

electrode was not fully reduced even though the cell was
discharged at as slow rate as C/200. In addition, there is no
unambiguous observation of any zinc oxide species from the
PDF analysis. This suggests that this zinc oxide phase is highly
disordered and small, which corresponds well to the
experimental EXAFS ﬁtting results.
Comparison of First Reduction and Oxidation XAS at
Fe K-edge. ZnFe2O4 electrodes recovered after ﬁrst oxidation
was also investigated using XAS. The k2-weighted |χ(R)| spectra
are shown in Figure 10. The Fe K-edge of the oxidized

Figure 10. Comparison of (a) XANES and (b) k2-weighted |χ(R)| of
Fe K-edge at ﬁrst discharge (black) and recharge back to 3.0 V (red).

electrode (red line in Figure 10a) is between the edge of
reduction and the undischarged electrode, indicating that the
oxidized electrode exhibits some reversibility but is cannot be
fully oxidized back to 3+. As shown in Figure 10b, it is clear by
visual inspection that the local structure around Fe atoms is
primarily reversible on the ﬁrst cycle, with the large metallic-like
peak at about 2.2 Å that is observed in the ﬁrst discharged
spectrum is replaced by a oxygen peak at about 1.3 Å and a
large, broad peak between 2 and 3 Å when recharged. EXAFS
modeling of the cycled spectra conﬁrm the trends observed in
Figure 10. When ZnFe2O4 is initially charged, it converts to a
highly disordered iron oxide structure, with Fe−O distances of
1.93 ± 0.01 Å and 3.2 ± 0.1 Å along with a Fe−Fe distance of
3.26 ± 0.02 Å. There is no observation of a Fe metal-like
distance of about 2.50 Å observed in the ﬁrst charged state
indicating high reversibility of ion species between Fe metal on
discharge and FeO on charge at early cycles.

V − V0
V0

× 100, is 2.75% (V = 640.15 Å3) at 0.5 ee, where the

DFT-optimized bond lengths are consistent with our EXAFS
results (Table 2). As discharge progresses, the volume
expansion increases to 4.41% (V = 650.49 Å3) at 1ee and
then rapidly to 22.06% (V = 760.40 Å3) upon going to 2ee, a
rapid cell expansion, which is accompanied by signiﬁcant
structural distortion (Figure 11c) and likely suggests the
tendency for phase separation as observed experimentally.
However, the description of the details during such drastic
structural dynamics is complex for DFT-based calculations and
beyond the scope of the current theoretical study.
We also calculated the average intercalation voltage using the
following equation according to the previous study:58

Figure 11. Structures of Li0.5ZnFe2O4, LiZnFe2O4, and Li2ZnFe2O4 (gray with yellow circle, Zn2+ ions in 8a site).
H
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Table 2. DFT Calculated Bond Lengths in (Zn)8aFe2O4 and Li0.5(Zn)16c, 8aFe2O4a
ZnFe2O4 from DFT (Å)
ZnFe2O4 from EXAFS (Å)
Li0.5ZnFe2O4 from DFT (Å)
Li0.5ZnFe2O4 from EXAFS (Å)
a

Fe−Fe

Zn−Zn

Fe−Zn

ZnO

3.02
3.00 ± 0.02
3.05
3.02 ± 0.02

3.70
3.69 ± 0.02
2.98
±0.02

3.54
3.52 ± 0.02
3.20
2.97 ± 0.02

2.00
1.97 ± 0.02
2.18
2.15 ± 0.02

For Li0.5(Zn)16c,8aFe2O4, only bonds with Zn16c were considered.

V=
−

O 2s states, and the hybridization with nearby Zn 3d/4s and Fe
3d is also weaker. Thus, the interstitial Li is dominantly
stabilized via the ionic interactions with surrounding O atoms.
More overlapping in state between O atoms and Li atoms at
octahedral 16c sites than with Li atoms at tetrahedral 8a sites is
observed (Figure 12), which results in a higher stability of 0.26
eV according to our DFT calculations.

E(Li xjZnFe2O4 ) − E(Li xiZnFe2O4 ) − (xj − xi)E(Li)
(xj − xi)F

where E is the DFT calculated total energy for LixZnFe2O4 and
bulk metallic lithium (the anode is assumed to be bulk metallic
lithium). DFT calculated voltage is 1.64 V at 0.5 ee, 1.58 V at 1
ee, and 0.89 V at 2 ee, respectively, which agree reasonably well
with the experimental observations in Figure 4b.
The eﬀect of lithiation on the electronic structure of
ZnFe2O4 was also studied. According to the projected density
of state (PDOS) (Figure 12), Li atoms at both 16c and 8a sites
display an ionic-dominant binding with neighboring O atoms,
where Li 2p states remain mostly empty during discharge
process. Such phenomenon is diﬀerent from LixSnS2, where the
covalent nature of Li−S interaction has been reported.59 The Li
2s and 2p states hybridize more strongly with O 2p states than

■

CONCLUSION
ZnFe2O4 nanoparticles were synthesized by precipitation
followed with hydrothermal treatment. The electrochemistry
of ZnFe2O4 nanoparticles in lithium-ion batteries showed three
plateaus with >1000 mAh/g delivered capacity in the initial
discharge and >800 mAh/g (7ee) at ﬁrst charge. On the basis
of the DFT calculations, Li+ ions were inserted into the 16c site
in the lattice without inducing the rearrangement of atoms at
the initial reduction of 0.5 electron equivalents. After 0.5ee
reduction, Zn2+ ions migrate from 8a site to the vacant 16c sites
based on the ﬁtting results from EXAFS, where synchrotron
reﬁned XPD of LiZnFe2O4 reduction sample showed that the
ratio of Zn2+ ions in the 16c site with 8a site was close to 1:1.
All these data are consistent with the structure of LiZnFe2O4
from DFT calculations in which 50% Zn2+ ions are migrated
into 16c sites. The DFT calculations also show the structure of
Li2ZnFe2O4, in which Li+ ions at 8a sites are observed as all
preferential 16c sites have been ﬁlled and where the rapid cell
expansion to 23.90% accompanied by signiﬁcant structural
distortion. From EXAFS, Fe metal was formed at 8ee
concurrent with an amorphous ZnO phase, which indicates
that Fe3+ was reduced ahead of Zn2+ ions.
We also found no evidence for the ZnLi alloy even at the
reduction limit of 0.2 V, suggesting that six of the electrons
delivered on the ﬁrst discharge can be accounted for by
reduction of ZFO. We also demonstrated that the recharged
electrode consists of ZnO and FeO, with no evidence for
Fe2O3. Hence, four of the seven electrons measured on
recharge can actually be accounted for by the Zn and Fe in the
system. Our results suggest that capacity above stoichiometric
reactions in ZFO electrodes can be ascribed to carbon and
electrolyte electrochemical activity, in which 2ee are attributed
to carbon electrochemical activity, while the remaining 5ee are
attributed to electrolyte reaction and SEI layer formation.
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