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ABSTRACT: Zinc-ion aqueous battery (ZIAB) is a promising low-
cost alternative, especially for large-scale energy storage applications,
e.g., electric grid. The major challenge in ZIABs is the lack of suitable
cathode materials, which can intercalate Zn2+ ions reversibly over long
periods of time. Apart from the availability of suitable cathodes, gaps
persist in our fundamental understanding of the mechanisms involved
in energy storage in ZIABs. Herein, magnetite (Fe3O4) is explored as
an alternative cathode for ZIAB. The magnetite cathode is separated
from the Zn foil anode by a 1 M aqueous ZnSO4 electrolyte.
Annealing of Fe3O4 at different temperatures (under moderate
vacuum) led to the coexistence of mixed Fe3O4 and Fe2O3 phases as
well as changes in the concentration of cation vacancy. Due to the
optimal concentration of both cationic vacancies in Fe3O4 and the
presence of the Fe2O3 phase, the Fe3O4 sample annealed at 400 °C exhibited the best electrochemical performance, with the highest
initial discharge capacity of ∼212 mAh g−1. Detailed experimental and theoretical investigations reveal that the high capacity in the
initial cycle, in addition to Zn ions, results from the coinsertion of H+ into the cation-deficient Fe3O4. Additionally, both experiment
and theoretical calculations show the formation of Zn4SO4(OH)6.4H2O as a byproduct on the cathode surface, which is a direct
consequence of H+ coinsertion into the cation-deficient Fe3O4.
KEYWORDS: aqueous zinc-ion batteries, cation-deficient Fe3O4, effect of annealing temperatures on Fe3O4,
Fe3O4−Fe2O3 biphasic mixture, spin-polarized Hubbard U-corrected DFT calculations, Zn2+/H+ coinsertion

■ INTRODUCTION
The integration of high-performance rechargeable batteries
with conventional/renewable electric grids is an efficient and
sustainable strategy for the maximization of electric energy
usage. High-energy-density lithium-ion batteries (LIBs), which
have been demonstrated in diverse applications, are now being
explored as a possible energy storage solution for the electric
grid.1 Considering the high number of deployments spread
across diverse economies globally, rechargeable battery
chemistry for large-scale deployments must be inexpensive,
safe, and environmentally benign. Indeed, lithium-based
batteries may not be an effective solution in the long run,
and alternative batteries must be rapidly developed.2 Notably,
aqueous batteries are inexpensive, intrinsically safe, and can
potentially displace nonaqueous LIBs for grid-scale storage.3−5

Owing to the high theoretical capacity of 819 mAh g−1 and a
moderate reduction potential (−0.76 V versus SHE), zinc-ion
aqueous batteries (ZIABs) with mildly acidic aqueous
electrolytes are a cost-effective and ecofriendly alternative
compared to LIBs for grid-scale energy storage.
The challenges associated with ZIABs are diverse and can

even outweigh the benefits. ZIABs exhibit nontrivial

physicochemical characteristics of Zn2+ and are also plagued
by the paucity of Zn2+-intercalation materials.6 There have
been extensive efforts in the development of high-performance
cathode materials for ZIABs. Several reports have proposed
manganese-based oxides,7−23 vanadium-based oxides and
sulfides,24−36 prussian blue analogs,37−43 and organic-based
materials44−51 as possible cathode materials for ZIABs.
However, manganese, vanadium-based oxides, and prussian
blue analogs suffer from severe material dissolution into the
electrolyte, resulting in structural collapse and capacity decay.52

Hence, more efforts are required to unearth feasible oxide-
based Zn intercalation electrodes.
We propose here a magnetite iron oxide (Fe3O4) as an

inexpensive, scalable, and environment-friendly cathode ma-
terial for ZIABs.53 Following the initial work by Komaba et
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al.,54 Fe3O4 has been studied extensively as a conversion
electrode in lithium- and sodium-ion batteries.55−60 Although
Fe3O4 has been explored as a cathode in ZIABs,61,62 to the best
of our knowledge, the fundamental understanding of the
influence of structural phase transitions on the energy storage
characteristics has not been investigated. Herein, we present
detailed experimental and theoretical (using density functional
theory (DFT))63,64 studies of a ZIAB, where the Fe3O4
(pristine and annealed) cathode is separated from the Zn-
metal anode by an aqueous ZnSO4 electrolyte. Structural and
spectroscopic analyses reveal interesting structural phase
transformations and the creation of cation vacancies in the
annealed Fe3O4 at selective temperatures. The structural
changes significantly affect the underlying electrochemistry
and battery performance of the Fe3O4-based ZIABs. Theoreti-
cal calculations supported by experimental observations
account for the underlying electrochemistry of Fe3O4 via the
coinsertion of Zn2+ and H+ into the cation-deficient Fe3O4.
Our study also confirms the process of H+ coinsertion into
Fe3O4 via the Zn4SO4(OH)6.4H2O complex formation.

■ EXPERIMENTAL SECTION
Material Procurement. Ferric chloride hexahydrate (FeCl3·

6H2O, >99%), poly(ethylene glycol) 400 (PEG 400, >99%), and
zinc sulfate heptahydrate (ZnSO4·7H2O, > 99%) are purchased from
Merck-Sigma-Aldrich. The sodium hydroxide pellet is brought from
Sisco Research Lab Ltd., India. Absolute ethanol (>99.9%) is obtained
from Chashu Hongsheng Fine Chemical Co., Ltd., and ethylene
glycol (>99%) and cyclopentanone are purchased from Spectrochem
Pvt. Ltd., India. The carbon cloth current collector is procured from
BAT-SOL Equipment and Technology. Hydrochloric acid (35−38%)
is procured from SD Fine-Chem Ltd., India. Zinc foil of 0.25 mm
thickness (>99.99%) and carbon black (>99.9%) are obtained from
Alfa Aesar. Poly(vinylidene fluoride) (PVDF) is obtained from
Kynarflex.
Synthesis of Pristine Fe3O4. The pristine Fe3O4 is synthesized

using a slightly modified method described by Wang et al.65 In brief,
8.1 g of FeCl3·6H2O, 2.58 g of NaOH, and 60 g of PEG 400 are taken
and dissolved in 240 mL of ethylene glycol. The mixture is stirred
vigorously for 30 min. Further, the mixture is transferred to a 300 mL
Teflon-lined autoclave and heated at 200 °C for 10 h. The material is
collected by centrifuging at 6000 rpm, which is then washed with
ethanol and Millipore water multiple times and dried at 80 °C in a
vacuum oven to obtain Fe3O4 nanoparticles.
Vacuum Annealing Treatment. The as-synthesized, pristine

Fe3O4 is divided equally into four portions, out of which three are
used for annealing treatment at temperatures 300, 400, and 500 °C.
Each portion of Fe3O4 for the annealing treatment is taken in an
alumina boat and placed in the middle of the quartz tube. The quartz
tube is placed in the furnace where one end is connected to a rotary
pump and the other is closed by connecting to a tube with a stopper.
The quartz tube is evacuated slowly, and the setup is left undisturbed
for 30 min until the vacuum level is 400 mmHg (rough vacuum).
Subsequently, the sample temperature is ramped up at a heating rate
of 10 °C min−1 to 300 °C (or 400/500 °C) and is held at 300 °C (or
400/500 °C) for 5 h. The sample is further analyzed after being
cooled to room temperature (RT). The annealed samples are
abbreviated as Fe3O4−VA-300, Fe3O4−VA-400, and Fe3O4−VA-500,
respectively.
Structural Characterization. The powder X-ray diffraction

(PXRD) of all four samples is measured using a PANalytical
diffractometer with a Cu−Kα radiation of wavelength 0.1542 nm.
The XRD pattern refinement is performed using X’Pert HighScore
Plus commercial software (Version: 3.0, PANalytical BV) using the
Rietveld method. Fourier-transform infrared (FTIR) is recorded using
a Bruker Tensor 27 platinum ATR spectrometer using the Opus
software at a spectral resolution of around 1 cm−1. Thermogravimetric

analysis data were collected on a Metler Toledo TGA/SDTA851e by
heating the samples from RT to 900 °C at a heating rate of 10 °C
min−1 under a nitrogen atmosphere. Raman spectra are recorded
using a HORIBA LabRam HR Evolution Raman Spectrometer
equipped with a 532 nm laser. Scanning electron microscopy for
morphological analysis is performed using an Ultra55 FE-SEM Karl
Zeiss EDS. The morphology of the samples is further examined using
transmission electron microscopy (TEM; JEOL JEM-2100F Field
Emission Electron Microscope) operating at 200 kV. Gas adsorption
analyses are performed using ultrahigh pure nitrogen (99.9995%) on
Belsorp-max. Before the measurements, the samples are degassed at
150 °C under a vacuum for 12 h. Elemental analysis for the
intercalating ion into active materials is determined with the help of
the X-ray photoelectron spectroscopic (XPS) technique using AXIS
ULTRA with an Al Kα source. The Thermo Avantage software
(version: 5.932, Thermo Scientific) is used for data analysis and
quantification.
Ex Situ XAS Measurements. All sample XAS spectra (Fe K-

edge) are collected in transmission mode at the P65 beamline of the
PETRA III synchrotron radiation source (DESY, Hamburg). Multiple
scans of Fe K-edge data are calibrated with the reference Fe-foil,
properly aligned, and merged using the Athena program66 after
correctly subtracting the background and normalizing to edge step 1.
Obtained EXAFS χ(k) oscillations remained well-defined with a
negligible noise of up to 12.5 Å−1, and Fourier transformations are
performed by using a Hanning window in the range of 3−12.5 Å−1.
Using the Artemis program,66 the R-space data are fitted in the 1−3.5
Å range with a theoretical model67 based on the Fe3O4 inverse spinel
(JCPDS 75−0033) structure. The scattering paths and their
contribution to the EXAFS oscillation are calculated with the
FEFF6.0 software.68 The amplitude reduction factor (S02) is first
evaluated by fitting the Fe-foil K-edge data with the Fe-bcc structure
(JCPDS 96−110−0109) by fixing the coordination numbers to the
known crystallographic values. An S02 value of 0.77, as obtained from
this, is fixed in the EXAFS data fittings of the differently treated Fe3O4
composites (except Fe3O4−VA-500). Three scattering paths, i.e., one
Fe−O path, a path between two octahedral Fe ions (FeOct−FeOct),
and between the octahedral and tetrahedral Fe ions (FeOct/Tetra−
FeTetra/Oct), are used in the theoretical model. As the contribution of
the Fe2O3 phase is only about 5%, we used the same model for the
Fe3O4−VA-400 phase mixture. However, having a 34:66 mixture of
Fe3O4/Fe2O3 phases in the Fe3O4−VA-500 phase mixture made it
challenging to model the EXAFS data of Fe3O4−VA-500 properly.
For each phase mixture, data of the three different states (before
cycling, discharge, and charge) are fitted simultaneously, and to
estimate the coordination numbers of the different paths with greater
accuracy, we fixed the pseudo/EXAFS Debye−Waller factor to the
optimized values in the final fit.
Electrochemical Characterization. The redox behavior of all

four samples is studied using the cyclic voltammetry technique with a
Biologic SP-300 instrument in the potential range of 0.2−1.8 V versus
Zn2+/Zn. The scan rate used here is 0.5 mV s−1. The electrochemical
impedance data are measured in the frequency range of 10 mHz to 1
MHz at an amplitude of 5 mV. The quantitative analysis of the
impedance data is performed using Zfit software. The galvanostatic
charge and discharge cycling are recorded using the Neware battery
testing system at a 15 mAg−1 current density. The GITT
measurements are carried out in an Arbin instrument. The cell is
discharged first for 20 min followed by 20 min of rest. The process is
continued until the discharge cutoff voltage is reached. Similar
experimental measures are carried out during the first charge process
as well. The value of the diffusion coefficient is calculated using the
following formula

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz= < < <D

t
m V
M S

E
E

t L
D

4 b m

b

2
s

t

2 2

(1)

where D is the diffusion ion coefficient.
Electrochemical Cell Assembly. The electrochemical character-

ization is performed using CR2032 coin cells (BAT-SOL) using
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pristine Fe3O4, and the three annealed samples as working electrodes,
zinc foil as counter and reference electrodes, glass wool as a separator,
and 1 M ZnSO4 dissolved in Millipore water as the electrolyte. The
working electrodes are prepared by making a slurry of active materials,
conducting carbon black, and poly(vinylidene fluoride) (PVDF)
binder in the ratio of 8:1:1. Cyclopentanone solvent is used to prepare
the slurry and is drop-cast on a carbon cloth current collector. The
mass loading of active material is ∼2−3 mg cm−2. The cells are
assembled in ambient conditions without using any glovebox. Before
the cell assembly, the electrolytes are purged with a N2 gas for 40 min
to remove the dissolved oxygen in the electrolyte, which might result
in parasitic reactions.
DFT Calculations. Spin-polarized Hubbard U-corrected DFT

calculations69 are performed to identify possible spontaneous
reactions during the electrochemical cycling of the Zn−Fe3O4 in
the presence of water using the Vienna Ab-Initio Simulation Package
(VASP)70,71 and the all-electron, frozen core projector-augmented
wave (PAW)72 potentials. The rotationally invariant U framework
developed by Dudarev et al.73 is used, along with the strongly
constrained and appropriately normed (SCAN)74 functional, to
describe the electronic exchange−correlation interactions. An
effective U correction of 3.1 eV is applied on the d orbitals of Fe,
as derived in previous work,75,76 in all oxides considered, while only
SCAN is used for calculating elemental Fe in its body-centered-cubic
state. The one-electron wave functions are expanded using a plane-
wave basis set with a kinetic energy cutoff of 520 eV, and we kept the
convergence parameters for total energies and atomic forces to be
10−5 and |0.03| eV/Å, respectively. To describe its antiferromagnetic
ground state, we use a stricter convergence criterion of 10−6 eV for
FeO on the total energy.77 The relaxation of cell sizes, shapes, and
ionic positions is allowed without symmetry restrictions when
calculating the total energies of all solids.

In the case of molecular systems, such as H2 and H2O, a single
molecule of each system is placed in an orthorhombic box (18 × 19 ×
20 Å3 for both), and we allow for the change in the ionic positions

only. The AΓ-centered Monkhorst−Pack78 mesh with a density of 32
k-points per Å is used to sample the irreducible Brillouin zone, except
in the cases of H2 and H2O molecules, where only the Γ-point is
sampled. The unrelaxed geometries for all solids are taken from the
inorganic crystal structure database (ICSD).79 We use a ferromagnetic
spin initialization for all Zn- and H-intercalated structures of
stoichiometric and cation-deficient Fe3O4. At the same time, we
consider the known antiferromagnetic ground-state configurations
while calculating FeO, Fe3O4, and Fe2O3.

75 We use the experimental
structural refinement from prior literature80,81 to obtain the initial
structure of Zn4SO4(OH)6·4H2O. For identifying and relaxing H-
positions in calculations, we used the strategy of Gautam et al.,82

along with using pymatgen83 for obtaining the initial H-positions.
We introduce two correction schemes to calculate reaction

enthalpies in this work: (i) to account for the underestimation of
the formation energy of ZnO by SCAN (by −0.29 eV/f.u.),76 we
reduced the SCAN-calculated total energy of ZnO and (ii) to ensure
that SCAN and SCAN + U-calculated total energies can be used for
reactions involving Fe, we introduce a correction term to increase the
SCAN-calculated total energy of pure Fe (by +1.1 eV) based on the
formation energies of FeO, Fe2O3, and Fe3O4. Any inclusion of
experimental (enthalpic and/or entropic) data for calculating reaction
enthalpies (along with DFT calculations) is taken from the National
Institute of Standards and Technology webbook,84 Wagman tables,
and/or other experimental literature.85 All calculated reaction
enthalpies are taken from the corresponding ground-state, relaxed
configurations.

■ RESULTS AND DISCUSSION
Structural Characterization. All samples are thermally

stable up to 550 °C (Supporting Information: Figure S1),
except pristine Fe3O4. The observed changes in the weight loss
above 200 °C in the annealed samples are significantly less vis-
a-̀vis the pristine sample. This is attributed to the phase

Figure 1. (a) High-resolution synchrotron powder X-ray diffraction (PXRD) of pristine Fe3O4 (magnetite) and Fe3O4−VA-500 (mixture of
magnetite and hematite). The 2θ values at 2.45°(111), 4.01°(220), 4.70°(311), 4.91°(222), 5.68°(400), 6.95°(422), 7.38°(511), and 8.03°(440)
correspond to the cubic magnetite structure. The additional lines marked by an asterisk in Fe3O4−VA-500 indicate the presence of the hematite(α-
Fe2O3) phase (3.22°(012), 4.39°(104), 5.38°(113), 6.44°(024), and 8.05°(300)). (b) Raman spectra of pristine Fe3O4 and Fe3O4−VA-500. The
Raman bands corresponding to the α-Fe2O3 phase are present in the Fe3O4−VA-500 sample in addition to Fe3O4 strongly, suggesting the
coexistence of Fe3O4 and α-Fe2O3 in the vacuum-annealed samples at temperatures higher than 300 °C in conjunction with PXRD.
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transformation from magnetite to a mixed magnetite−hematite
phase in the annealed samples (vide infra). All four samples are
predominantly nonporous with low BET surface area (Figure
S2: type II pattern; ≈ 16−53 m2 g−1) and show a cubic/
spherical morphology, with sizes ranging from 15 to 45 nm
(Figure S3). The transmission electron micrographs for the
morphological and particle size analyses of all four samples are
shown in Figure S4a−h. It is observed that all of the magnetic
nanoparticles are cubic and spherical with relatively different
particle sizes (Figure S4a,b,e,f). The particle size distribution
graphs are obtained from taking the size of particles at different
areas in TEM images and are presented in Figure S4c,d,g,h.
The particle size distribution plots revealed that the size of the
nanoparticles synthesized varied from 19 to 50 nm in all four
samples, and these results obtained are in accordance with the
scanning electron microscopic measurements.
Powder X-ray diffraction data are collected using the

laboratory as well as at the synchrotron diffractometer (at

P02.1 powder diffraction and total scattering beamline at
DESY). The data from both sources and the ensuing analysis
are observed to be nearly the same. Owing to higher flux and
resolution, for all subsequent studies and analyses, we consider
only the high-resolution synchrotron data. The synchrotron
powder X-ray diffraction (PXRD), along with the Rietveld
refinements, reveals the presence of only a cubic magnetite
phase65 (Joint Committee on Powder Diffraction Standards�
JCPDS 75−0033) in the pristine Fe3O4 (Figure 1a) and
Fe3O4−VA-300 samples (Figure S5a). The synchrotron PXRD
patterns of Fe3O4−VA-400 (Figure S5a) and Fe3O4−VA-500
(Figure 1a), on the other hand, show additional lines marked
by an asterisk in Figure 1a (upper diffractogram) and Figure
S5a,b, strongly suggesting the concomitant presence of
magnetite along with the hematite (α-Fe2O3) phase.86 The
percentage compositions of magnetite and hematite phases are
calculated to be around 94.6 and 5.3% for Fe3O4−VA-400, and
27.7 and 72.2% for Fe3O4−VA-500, respectively. In addition to

Figure 2. Comparison of XPS core-level spectra of Fe 2p and O 1s of (a) pristine Fe3O4, (b) Fe3O4−VA-300, (c) Fe3O4−VA-400, and (d) Fe3O4−
VA-500 samples. The black color indicates the experimental XPS spectra. The color coding of the deconvoluted peaks is as follows: for Fe 2p, red
and blue color for Fe2+, magenta and olive green color for Fe3+, and navy blue and violet color for Fe satellite peaks. Purple indicates the baseline,
and the wine color is the fit obtained. For the O 1s, the black color indicates the experimental XPS spectra, and magenta, blue, and red colors
indicate the deconvoluted O 1s XPS peaks representing metal−oxygen, oxygen defects/vacancies, and surface-adsorbed hydroxyl groups. The green
color indicates the baseline, and the navy blue color indicates the fit obtained.
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the presence of mixed phases, from the refinement analysis,
cation occupancy (vacancy) in the magnetite phase decreases
(increases) with the increase in the annealing temperature. A
detailed analysis of the refinement is provided in Table S1: (a)
and (b).
The concomitant presence of magnetite and hematite phases

in the Fe3O4−VA-400/500 samples as a function of sintering
temperature is also supported by Raman scattering measure-
ments (Figures 1b and S6) and Fourier transform infrared
(FTIR) spectroscopy (Figure S7). The Fe−O vibrational band
around 437 cm−1 (Figure S7) shows a slight shift toward a
higher wavenumber (by 10 cm−1) in the annealed samples
compared to pristine-Fe3O4 and becomes more pronounced
with an increase in the annealing temperature. This strongly
suggests a structural phase transformation due to annealing.
The core-level XPS spectra of Fe 2p and O 1s of all four
samples are depicted in Figure 2 (c/f Figure S8 for the survey
scans.). Despite similar Fe 2p profiles, the estimated atom
percentages and the elemental ratio of Fe and O are different
(as shown in Table S2). The Fe 2p spectrum of pristine Fe3O4
has three doublets related to the Fe3+, Fe2+, and satellite peaks.
Among them, the doublets at 710.5 and 723.7 eV correspond
to the spin−orbit split of 2p3/2 and 2p1/2 for Fe in the 2+ state,
while the other two respective peaks at 713.7 and 727.1 eV for
Fe in the 3+ state.87,88 Similar peaks are also observed in the
annealed samples except that the atom percentages in the
respective Fe states are different.
The XPS suggests that the samples have mixed valence states

of Fe3+ and Fe2+ (Figure 2). The ratio of Fe3+/Fe2+ is higher in
the annealed samples than in the pristine sample. This suggests
that annealing favors the formation of Fe2O3 (i.e., Fe3+), which
is in line with the observations from the PXRD. O 1s spectra of
annealed samples have three peaks: O1 (∼529.8 eV), O2
(∼531.4 eV), and O3 (∼532.7 eV) assigned to the metal−
oxygen bonds, oxygen defects/vacancies, and surface hydroxyl
groups, respectively.88,89 In addition, the following observa-
tions are made. (a) The relative atom % of the O3 peak for
surface hydroxyl groups decreases from pristine to 500 °C
annealed samples. (b) The ratio of O to Fe is increased from
pristine to 500 °C annealed samples, confirming an increase in
the Fe2O3 phase with the increase in annealing temperature.
Room-temperature X-ray absorption spectroscopy (XAS)
measurements of pristine Fe3O4 and all of the annealed
samples are carried out to analyze the absorption edges and
extended fine structure (i.e., EXAFS) of Fe atoms to obtain
insights into the changes in oxidation states, structural
evolution, and change in the local coordination environment.

The Fe K-edge X-ray absorption near-edge structure (XANES)
spectra of all four samples are shown in Figure 3a.
Figure 3a inset shows a shift in the absorption edge toward

the right for the annealed samples compared to the pristine
Fe3O4. The extent of the shift is significantly higher with the
increase in annealing temperature. This suggests an increase in
the oxidation state with an increase in temperature, which
supports the formation of Fe2O3, as observed in the PXRD
measurements. In addition, the Fourier transform of the
EXAFS oscillation (R-space data) of pristine Fe3O4, Fe3O4−
VA-300, and Fe3O4−VA-400 samples and their fit with the
theoretical model are shown in Figure 3b. The Fe3O4−VA-500
sample is a mixture of Fe3O4 and Fe2O3 and is not considered
for fitting as the analysis and validation of results are nontrivial
and may be unphysical. Also, the R-space data and EXAFS
χ(k) oscillations of all four samples are shown in Figure S9a,b.
As the EXAFS χ(k) oscillations remain well-defined with
negligible noise for up to 12.5 Å−1, this region is chosen for the
fitting. In the R-space data (phase shift correction not
included; Figure 3b), the first feature corresponds to the
Fe−O coordination shell, whereas the second feature
comprises two Fe−Fe coordination shells.
The EXAFS fitting results for pristine Fe3O4, Fe3O4−VA-

300, and Fe3O4−VA-400 are shown in Table S3. Importantly,
we observe a decrease in the Fe−O path distance from
1.966(6) Å in pristine Fe3O4 to 1.933(8) Å in Fe3O4−VA-400,
which implies an increase in the average oxidation state of Fe,
in agreement with the XANES and PXRD data. The pseudo/
EXAFS Debye−Waller factor (σ2) values are higher for the first
coordination shell, indicating the presence of multiple Fe−O
distances. In addition, a significant change can be observed in
the Fe−Fe coordination (both FeOct−FeOct and FeOct/Tetra−
FeTetra/Oct). The Fe−Fe coordination number decreases from
pristine Fe3O4 to Fe3O4−VA-400, strongly suggesting the
presence of cation vacancies, which increase with an increase in
the annealing temperature. Thus, the findings from XAS are
consistent with those of PXRD.
Electrochemical Activity. Cyclic voltammetry (CV at a

scan rate of 0.5 mV s−1) confirms the electroactivity of the
various Fe3O4 samples, as shown in Figure S10. The pristine-
Fe3O4, Fe3O4−VA-300, and Fe3O4−VA-400 (in black, blue,
and red profiles, respectively; in Figure S10a) electrodes show
redox peaks at around 0.8 and 1.16 V versus Zn2+/Zn,
attributing to the Fe2+/+3 redox couple (Figure S10b).
However, the intensities of these peaks decrease with
increasing cycle numbers. In the Fe3O4−VA-500, the redox
activity is similar, except that the reduction peaks become

Figure 3. (a) XANES spectra of Fe−K-edge of pristine Fe3O4 and all of the vacuum-annealed samples; the inset of (a) zoomed XANES spectra
showing the shift in the near-edge region, (b) Fourier transform of the EXAFS oscillation along with the fitting for pristine Fe3O4, Fe3O4−VA-300,
and Fe3O4−VA-400.
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more prominent in the second cycle compared to the first cycle
(light green color, Figure S10a,b). In addition, current
densities of the redox peaks for all three annealed samples
are higher (75−125 mA g−1) compared to those of the pristine
Fe3O4 (average value of 60 mA g−1), indicating the
enhancement in the electrochemical performance in the
annealed sample in comparison to that in the pristine sample.
While the Fe3O4−VA-400 sample exhibited the highest first

cycle specific capacity (=212 mAhg−1) (red color Figure 4),

pristine Fe3O4 exhibited the lowest specific capacity of 43 mAh
g−1 (black color, Figure 4). Fe3O4−VA-300 (blue color −81
mAh g−1) and Fe3O4−VA-500 (green color -99 mAh g−1)
display capacities intermediate to that of pristine Fe3O4 and
Fe3O4−VA-400. The enhanced electrochemical performance
in the Fe3O4−VA-300/400/500 samples can be attributed to
the cation vacancies created during annealing. The presence of
cation vacancy in the Fe3O4−VA-400 (best-performing
sample) is confirmed by ICP-OES measurements where the
concentration of Fe in pristine Fe3O4 is found to be 32.21 mg/
L and that of Fe3O4−VA-400 is 12.516 mg/L. Further, the
long cyclability and rate capability of the Zn−Fe3O4−VA-400
cell are carried out (Figure S11a,b). Although the initial
capacity is promising, the capacity retention at the end of the
100th cycle (Figure S11a) is inferior, attributed either to the
transition-metal dissolution in the acidic aqueous electrolyte or
to the irreversible proton intercalation. A systematic approach
is required to tackle capacity retention, which is beyond the
scope of this work. In addition, the rate capability performed at
various current densities such as 12.5, 25, 50, and 100 mA g−1

(Figure S11b) depicted that the cell showed reasonably good
rate capability when it cycled from a low current density of
12.5 mA g−1 to 25, 50, and 100 mA g−1 current densities. The
capacity of the cell increased to a certain extent when the cell
was cycled back to lower current densities, such as 50, 25, and
12.5 mA g−1.
It is worth mentioning that the electrochemical activity lacks

any pseudocapacitive contribution and is predominantly a
diffusion-aided process. The value of the constant (exponent),
“b” in Ip = aυb (where Ip is the peak current, a is a constant, and
υ is the scan rate; Figures S12 and S13), is found to be nearly
0.5 for both pristine Fe3O4 and Fe3O4−VA-400. Further, the
percentage contribution of diffusion and pseudocapacitance (as
mentioned in Section S1 and Figures S14 and S15) in pristine
Fe3O4 and Fe3O4−VA-400 is calculated to be around 98 and
2%, and 99 and 1%, respectively (Table S4). Thus, the

calculated low values of pseudocapacitance rule out the
possibility that cation vacancies assist a pseudocapacitive
storage process.
Electrochemical impedance spectroscopy reveals slower

charge-transfer resistance (RCT) values for the annealed
samples than for the pristine-Fe3O4 (Figure S16a,b). The
RCT values decrease in general, with successive cycles, with the
extent of the decrease being more for the annealed Fe3O4
samples than for the pristine sample. The observed decrease in
sample RCT with successive cycles could be attributed to the
combined effects of the electrochemical activation of Fe3O4
and improved electrode wetting. The higher rate of decreased
RCT values for the annealed samples is directly attributed to the
lower interfacial resistance for the ion transfer across the
interface, which arises due to the cation vacancies. This is also
supported by GITT measurements, which yielded a slightly
lower Zn2+/H+ ion diffusion coefficient in the pristine Fe3O4
(∼2.00 × 10−9 cm2 s−1) compared to that of the Zn−Fe3O4−
VA-400 (∼2.42 × 10−9 cm2 s−1), as seen in Figure S16c,d.
Improvement in the electrochemical performance of the
annealed samples compared with that of the pristine ones
can be attributed to the creation of cation vacancies in the
annealed samples.
Postelectrochemistry Structural Investigations. Ex-

cept for the additional line arising at 2θ ≈ 33°, the PXRD of
pristine Fe3O4 electrodes after first discharge (shown in red
color, Figure S17a) is similar to that of the electrode before
cycling (shown in black color, Figure S17a). This line subsides
after the first charge (shown in navy blue, Figure S17a). The
appearance of this line on the 10th discharge (light green,
Figure S17a) and its persistence in the corresponding charge
cycle (red wine color, Figure S17a) hint at the possibility of
forming an irreversible byproduct. Additionally, a weaker line is
observed at 2θ ≈ 9.3°. These additional peaks may be due to
zinc sulfate hydroxide hydrate complex formation. Compared
to the pristine Fe3O4 electrode, the Fe3O4−VA-400 shows far
more additional peaks after cycling. The Fe3O4−VA-400
electrode, following the first discharge (shown in wine color,
Figure S17b), shows four additional peaks at 2θ values of ≈8.6,
21.4, 32.9, and 58.9°. These additional peaks correspond to the
reflection planes of zinc sulfate hydroxide hydrate complex viz.
Zn4SO4(OH)6·4H2O byproduct (JCPDS 00−044−0673).
This byproduct is usually formed when H+ from the solvent
coinserts into the metal oxide cathode along with Zn2+.
Simultaneously, the OH− ions in the solvent can interact with
the Zn2+ cations, ZnSO4 salt, and H2O molecules, forming the
sulfate hydroxide complex on the electrode surface. The
byproduct formation is consistent with a previous report.61

Further, the peak intensity slightly reduces upon the first
charge (shown in light pink color, Figure S17b), indicating the
possibility of reversible conversion of the byproduct. However,
the appearance of these lines with successive discharge and the
retention after charge strongly suggests an irreversible process
(Figure S17b).
The core-level XPS spectra reveal no prominent peaks

relating to Zn and S for all samples before cycling (Figures
S18−S20 and 5). The peak position and spin−orbit split of Fe
2p1/2 and 2p3/2 (13 ± 0.3 eV) for both states (Fe3+/Fe2+) are
similar after the first discharge and charge. While the Fe3+/Fe2+
reduces for all annealed samples after the first discharge,, the
Fe3+/Fe2+ ratio is unchanged for all (including pristine)
samples after the first charge (Table S5). This may be due to a
partial intercalation−deintercalation of the Zn2+/H+ into the

Figure 4. Galvanostatic charge−discharge profiles of pristine Fe3O4,
Fe3O4−VA-300, Fe3O4−VA-400, and Fe3O4−VA-500 in a 1 M
ZnSO4 electrolyte in the first cycle at a 15 mA g−1 current density.
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Fe3O4 crystal structure. In the case of Zn 2p and S 2p peaks for
all electrodes, we observe the standard Zn and S peaks (with
the similar spin−orbit split of Zn 2p1/2 and 2p3/2 (23 ± 0.1 eV)
and S 2p1/2 and 2p3/2 (1.2 ± 0.1 eV)) after the first discharge
as well as the first charge, confirming the irreversible formation
of zinc sulfate hydroxide hydrate as identified by the ex situ
XRD analysis of the cycled electrodes.
Further, the XAS of the pristine-Fe3O4 and all of the

annealed sample electrodes before and after cycling are
measured to determine the structural evolution and change
in the local coordination environment of the Fe atoms upon
discharge and charge. The XANES spectra of all four samples
with cycling show only a slight change in the energy toward a
lower value upon discharge. This could be because the change

in oxidation state with discharging may be minimal and is
beyond the detection limit of the XAS technique.
In terms of EXAFS (R-space) data, we observe changes with

discharging for all four samples, as shown in Figures 6 and S21.
To obtain the relevant parameters for the different
coordination shells with discharging and charging, the
EXAFS (R-space) data of pristine Fe3O4 and all of the
annealed samples (electrodes before cycling, after first
discharge and charge) are fitted as discussed previously
(Experimental Section), and the fitting results are tabulated
in Tables S6−S9. Although the Fe−O distance does not
change significantly with discharging, the Fe−O coordination
number increases from 5.95 to 6.43 for pristine Fe3O4 and
from 5.46 to 6.18 for Fe3O4−VA-400. However, with charging,
these values do not return to the original sample values and

Figure 5. (a−d) XPS spectra of Fe 2p, O 1s, Zn 2p, and S 2p of Fe3O4−VA-400 electrodes before cycling, after the 1st discharge, and the 1st
charge, respectively. The black color in all of the XPS spectra is the experimentally obtained spectra. The color coding of deconvoluted peaks is as
follows: For Fe 2p, red and green colors for Fe2+, magenta and yellow colors for Fe3+, and blue and cyan colors for Fe satellite peaks. Dark yellow
indicates the baseline, and navy blue is the fit obtained. For the O 1s, red, green, and blue colors indicate the deconvoluted O 1s XPS peaks
representing metal−oxygen, oxygen defects/vacancies, and surface-adsorbed hydroxyl groups. The cyan color indicates the baseline, and the purple
color indicates the fit obtained. For Zn 2p, the red color is for Zn 2p3/2, the green color is for Zn 2p1/2, the blue color is the baseline, and the
magenta is the fit obtained. For S 2p, red and green colors indicate the deconvoluted peaks, blue indicates the baseline, and cyan color is the fit
obtained.
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remain higher (6.17 for pristine Fe3O4 and 5.94 for Fe3O4−
VA-400). Also, discharging increases the Fe−Fe coordination
number for both the second and third shells. These results
indicate the occurrence of irreversible transformation of Fe3O4
upon discharge, which could be associated with Zn2+ and H+

coinsertion.
DFT Computations. To probe the possible electro-

chemical reaction(s) that occur in the Zn−Fe3O4 system,
DFT calculations are utilized to answer three questions: (i) is
the electrochemical activity due to stoichiometric or Fe-
deficient Fe3O4, (ii) is Zn effecting intercalation or conversion
reactions on Fe3O4, and (iii) is H+ intercalation contributing to
the electrochemical response via zinc sulfate hydroxide
complex formation. To model a cation-deficient spinel, we
consider a Fe22O32 structure, i.e., Fe3O4 with two octahedral
Fe-vacancies. We refer conversion reactions as those that lead
to a significant change in the composition and structure of the
electrode, compared to the case of an intercalation reaction.90

For example, the formation of ZnFe3O4 from Zn and Fe3O4 is
an intercalation reaction, while the formation of ZnO + Fe2O3
+ FeO is attributed to a conversion reaction.
To understand the contribution of Zn in the electrochemical

response, we tabulated possible conversion reactions (Table
S10) that Zn can undergo with stoichiometric Fe3O4 and a
possible intercalation reaction with Fe-deficient Fe22O32 and
calculated their reaction enthalpies using DFT. Table S10
represents the reaction enthalpies as voltages versus the zinc
metal. Note that Zn intercalation is stoichiometric, and
therefore, Zn intercalation with Fe3O4 is not highly likely
since this would force Zn and Fe to occupy the empty
octahedral sites in the spinel lattice, requiring the movement of
several tetrahedral Fe atoms to octahedral sites. Moreover,
octahedral coordination is not particularly favorable for Zn.91

Hence, we expect any Zn intercalation contributions in
stoichiometric Fe3O4 to be quite marginal, consistent with
the experimental PXRD and XPS data.
Importantly, we predict that Zn will react readily with

stoichiometric-Fe3O4 to form a plethora of conversion

products. Specifically, we find the formation of ZnO and Fe
from Zn and Fe3O4 to be the most favorable thermodynami-
cally. We also find the formation of ZnFe2O4 and ZnO and the
FeO/Fe2O3 formation to be spontaneous thermodynamically.
Thus, we expect Zn to spontaneously react with Fe3O4 and
form a mixture of oxides (ZnO, ZnFe2O4, Fe2O3, FeO, etc.).
However, we expect these reaction products to form chiefly at
the surface of the Fe3O4 spinel since the formation of ZnO can
be passivating, preventing further reaction of Zn with the
underlying Fe3O4 electrode. Therefore, the overall reversible
contribution of such spontaneous conversion reactions within
our electrochemical system is expected to be low. Such
conversion reactions can also explain the significant differences
in discharge versus charge capacities.
Also, we observe Zn intercalation to occur spontaneously,

resulting in the formation of Zn2Fe22O32, if the cation-deficient
spinel is available in the working electrode. Since the formation
of cation vacancies is expected to increase with increasing
annealing temperatures, the extent of Zn intercalation should
also increase with increasing annealing temperatures, resulting
in increased electrochemical capacities, which is consistent
with our observations (Figure 4). Moreover, the predicted
intercalation voltage for Zn in Fe22O32 is ∼0.86 V, similar to
the average voltage observed in the galvanostatic data (Figure
4). Thus, we expect Zn to contribute reversibly via an
intercalation mechanism as the extent of the cation deficiency
increases in spinel-Fe3O4.
Apart from Zn intercalation or conversion, a possible side

reaction that can contribute to the observed electrochemical
capacity, especially when using acidic aqueous electrolytes, is
H+ intercalation. Proton intercalation can detrimentally
contribute to capacity fade and accumulation of irreversible
capacity during electrochemical cycling.82 Proton intercalation
may also lead to the formation of the experimentally observed
zinc sulfate hydroxide complex. To investigate possible proton
intercalation, we consider the formation of two intercalated
products, HFe3O4 from stoichiometric Fe3O4 and H2Fe22O32
from cation-deficient Fe22O32. The calculated reaction

Figure 6. (a, c) Comparison of EXAFS (R-space) data of pristine Fe3O4 and Fe3O4−VA-400 before and after cycling, (b, d) Experimental EXAFS
(R-space) data and the fitting using theoretical model for pristine Fe3O4 and Fe3O4−VA-400.
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enthalpies (at pH = 0) are listed in Table 1, along with relevant
reactions involving the sulfate hydroxide complex formation.
Note that the final two reactions listed in Table 1 are not pH-
dependent and are a summation of either the first and third
reactions or the second and third reactions.
Based on our calculated data (Table 1), we do not expect

any proton intercalation to occur in the stoichiometric spinel,
resulting in the formation of HFe3O4. On the other hand,
proton intercalation is predicted to be spontaneous in a cation-
deficient spinel, resulting in the formation of H2Fe22O32
(reaction enthalpy remains negative until pH ∼ 12). Apart
from the acidic electrolyte itself, the formation of
Zn4SO4(OH)6·4H2O by the reaction of Zn and H2SO4 can
result in the additional formation of free protons, which can in
turn contribute to the proton intercalation process. Indeed, we
expect the formation of the sulfate hydroxide complex to be
spontaneous in the presence of H2SO4, as indicated by the
highly negative (∼−4.82 eV) reaction enthalpy. Further,
forming the sulfate hydroxide complex can increase the
spontaneity of proton intercalation in cation-deficient
Fe22O32, while the complex formation does not increase the
driving force sufficiently enough to enable spontaneous proton
intercalation in stoichiometric Fe3O4. Thus, we expect proton
intercalation to play a significant role as cation vacancies in
stoichiometric spinel increase, which is the case with increasing
annealing temperatures. Higher proton intercalation will result
in higher observed electrochemical capacity during discharge, a
lower percentage of capacity being recovered during
subsequent charge, and an accelerated capacity fading with
the number of cycles, consistent with our electrochemical data.
Finally, we observe from our DFT calculations that reactions

involving cation-deficient Fe3O4 tend to be more spontaneous,
be it Zn intercalation and/or proton intercalation with sulfate
hydroxide complex formation, resulting in increased electro-
chemical capacities observed, at least during the initial cycles.
Although cationic vacancies can increase with increasing
temperatures, electrochemically inactive Fe2O3 phase forma-
tion also increases at higher temperatures. Therefore, an
optimal annealing temperature, such as 400 °C, can be used to
maximize cationic vacancies while minimizing the formation of
Fe2O3. Nevertheless, increased electrochemical activity toward
Zn intercalation of cation-deficient Fe3O4 can also facilitate
detrimental proton intercalation. Hence, chemical or electro-
chemical pathways and/or coating layers can be explored to
facilitate Zn intercalation in cation-deficient Fe3O4 while
suppressing proton intercalation (such as the use of
concentrated electrolytes and exploring a hybrid solvent
system).92,93

■ CONCLUSIONS
To conclude, we have demonstrated a simple Zn-ion aqueous
battery using a cathode with a well-known crystallographic
phase, viz. magnetite Fe3O4. The annealing of magnetite Fe3O4
at higher temperatures results in the biphasic mixtures at 400
and 500 °C and cation vacancies in the magnetite phase. The
cation vacancies increase with increasing annealing temper-
ature. The electrochemical performance is a function of
annealing temperature, with the sample annealed at 400 °C,
yielding the highest specific capacity. The improved electro-
chemical performance is attributed to the combined effects of
cation vacancy, which facilitates fast ion transport across the
interface and increased ion insertion into the metal oxide. The
mechanism of battery operation, analyzed during several ex situ
experiments, reveals the coinsertion of Zn2+ and H+ into the
metal oxide, which is mediated by the Zn4SO4(OH)6·4H2O
complex formation. The DFT calculations confirmed the
battery operational mechanism due to the coinsertion of Zn2+
and H+ in the cation-deficient Fe3O4 and the formation of the
Zn4SO4(OH)6·4H2O complex associated with H+ insertion in
the acidic medium. This is in good accordance with the
experimental conditions and results. The combined approach
of material design and probing of the underlying electro-
chemical reaction mechanism will open up avenues for the
exploration of various earth-abundant materials as hosts for
ZIABs.
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