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A B S T R A C T

Herein, we report a cubic FeOF structure as a new reversible Na ion host, which is formed during the electrochemical reaction from an electrode based on a nanosized
mixture of NaF and FeO. This new FeOF host structure differs from the well-known rutile FeOF structure and displays distinct electrochemical properties as an
electrode for Na-ion batteries. The X-ray absorption spectra measured at various cycles indicate that the cubic FeOF host structure gradually forms as cycling pro-
gresses. After formation of the cubic FeOF host structure, a discharge capacity of 165mAh/g is delivered, corresponding to the intercalation of 0.7 Naþ ions per Fe with
a volume change of 2.3% during charge and discharge, which is offered at a higher redox potential than that of the rutile FeOF electrode by approximately 0.2 V.
Na-ion batteries (NIBs) have attracted considerable attention as an
alternative to Li-ion batteries (LIBs) because their components are more
abundant in nature and more cost-effective than those of LIBs. The key to
the success of NIBs lies in discovering new electrode materials that can
provide high energy density. However, the search for new Na-ion host
structures has been challenging because of the limited number of host
crystalline materials in which Na de/intercalation can reversibly occur
[1–4]. For the past decades, extensive research has led to the identifi-
cation of important NIB cathode materials, including layered-type
O3-NaTMO2 (TM¼ Co, Mn, Cr, Fe, and Ni) [5–10], P2-Nax(Fe, Mn)O2
(0< x< 1) [11–14], and polyanionic compounds such as
Na3(VOx)2(PO4)2F2�2x (0< x< 1) [15–17] and NaFeSO4F [18–20].
Although these materials show promising electrochemical performance,
the energy densities that they are capable of delivering do not yet reach
those of state-of-the-art electrode materials in LIBs.

Recently, a new approach for cathode material design involving
nanoscale mixing of alkali (Li or Na) metal compounds and transition
metal compounds was reported [21–31]. In nanocomposite electrodes,
the initial electrochemical reaction occurs via the extraction of ions from
the alkali metal compounds and electrons from the transition metal
compounds. Thus, the two compounds in the nanocomposite serve as an
ion host and an electron host, respectively. The concept is similar to the
‘job-sharing’mechanism observed at the nanoscale interface proposed by
Maier et al. in that two different hosts share the electrochemical reaction
but differs in that the anion from the alkali metal compounds mediate the
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reaction; thus, the whole bulk structural materials can participate in the
reaction [32,33]. These types of nanocomposite electrode reactions are
generally activated by the initial charge process, which is the decom-
position reaction of alkali metal compounds such as LiF and NaF [23,24].
During the charge process, the liberated F� ion (the decomposition
product of the alkali metal compounds) is absorbed on and/or diffuses
into the transition metal compounds and activates the nanocomposite
electrodes [21–24,26,27]. Although reports on nanocomposite elec-
trodes are limited and further understanding is needed, the nano-
composite electrodes have been reported to follow one of two reaction
mechanisms: ‘surface conversion’ or ‘host formation’. In the materials
that follow the ‘surface conversion’ reaction, the reaction mainly occurs
at the surface of the transition metal compounds, accompanying the
phase transformation at the surface (e.g., LiF–MnO) [21]. For the ‘host
formation’ reaction, new host structures for the respective alkali ions are
formed during charge, and further reaction occurs via inter-
calation/deintercalation of alkali ions in the host structure. It has been
reported that intercalation hosts could form, such as FeF3 from LiF–FeF2
[23] and NaF–FeF2 [24] nanocomposite reactions, LiFeSO4F from
LiF–FeSO4 [29], and Li3(VPO4)2F3 from 3LiF–2VPO4 [31], all of which
were previously well-known host crystalline structures for either Li or
Na. More recently, it was also observed that the host formation reaction
can lead to the formation of new host structure, which has not been
observed before. Jung et al. showed that for the LiF–FeO nanocomposite,
a cubic FeOF structure was unexpectedly formed with the same
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composition as the well-known rutile FeOF structure but with a different
crystalline symmetry [22]. This finding implies that the utilization of the
host formation reaction can be an interesting new approach to explore
cathode materials with new intercalation host structures.

Here, we report a novel host structure for Na-ion storage, a cubic
polymorph of the FeOF structure from a ‘host formation’ reaction, and
reveal that this structure can serve as a promising new electrode material
for NIBs with a respectable energy density and can outperform well-
known rutile FeOF electrodes. The NaF–FeO nanocomposite was pre-
pared by mixing NaF and FeO powder using high-energy ball milling. An
X-ray diffraction (XRD) pattern of the as-synthesized NaF–FeO nano-
composite is presented in Fig. 1 (a). Only peaks originating from NaF and
FeO are observed in the XRD pattern, indicating that no side reactions or
phase transformations occurred during the ball milling. The broad peaks
in the XRD pattern suggest the size reduction of the NaF and FeO crys-
talline phases after the ball milling. The retention of each phase after ball
milling was also confirmed by transmission electron microscopy (TEM)
diffraction pattern (DP) analysis (Fig. S1). The d-spacings in the DP image
agree well with those of NaF and FeO, and the hollow-ring pattern with
some bright spots indicates the random orientation of each crystalline
phase in the nanocomposite. The scanning electron microscopy (SEM)
images in Fig. S2 reveal that the pristine NaF and FeO particles with sizes
of tens of micrometers were broken down into smaller pieces after the
ball milling with average crystalline sizes of approximately 10 nm ac-
cording to Williamson–Hall plots (Fig. S3).

Fig. 1 (b) presents the first charge and discharge profiles of the
NaF–FeO nanocomposite electrode in a Na half-cell configuration with
metallic Na as the anode and 1MNaPF6 in ethylene carbonate/propylene
carbonate (EC/PC, 1/1, v/v) as the electrolyte in the voltage window of
1.2–4.4 V (vs. Naþ/Na) using a current density of 50mA/g at 60 �C. The
NaF–FeO nanocomposite electrode could deliver a discharge capacity of
Fig. 1. (a) XRD pattern of as-prepared NaF–FeO nanocomposite powder. (b) First cha
50mA/g at 60 �C. (c) Fe K-edge XANES spectra and F K-edge XAS spectra in (d) bulk-
and blue dotted lines in Fig. 1 (d) and (e) represent the characteristic F K-edge spectru
by energy absorption from F in both the Fe–F and NaF.
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150mAh/g after the initial charging to 4.4 V, corresponding to the re-
action of 0.6 Na ion per transition metal ion. The origin of the reversible
capacity was probed using X-ray absorption near edge spectroscopy
(XANES) at the Fe K-edge (Fig. 1 (c)). In the XANES spectra, the Fe K-edge
shifts to higher energy during charge and shifts back to lower energy
during discharge, which indicates the reversible oxidation and reduction
of Fe during the electrochemical reactions. The F K-edge X-ray absorption
spectroscopy (XAS) spectra in Fig. 1 (d) and (e) demonstrate that F�

anion incorporation to FeO occurs during charge process, which is
consistent with the previous observations of the F anion mediation in the
nanocomposite electrochemical reaction [21–24]. The F K-edge XAS
spectra were simultaneously recorded in total fluorescence yield (TFY)
and total electron yield (TEY) modes. Note that the surface-sensitive TEY
mode collects signals from the near surface (~5–10 nm), whereas the
TFY mode is more bulk sensitive. The NaF signals in the F K-edge region
are broadly located from 688 to 700 eV with two characteristic peaks in
the pristine NaF–FeO nanocomposite [34–36]. During charge, these
signals from NaF decreased with a notable reduction in the peak at
~700 eV, and a new peak at 684 eV arose in both the TFY and TEY
modes. The signal at 684.3 eV is attributed to F–Fe bonding, which
originates from hybridization between Fe 3d and F 2p orbitals, whereas
the peak denoted by * is generated by energy absorption from F in both
the Fe–F and NaF [34,37–39]. These results suggest that decomposition
of NaF occurred during charge and that the liberated F was absorbed on
the FeO to form Fe–F bonding, similar to the behavior observed for a
LiF–FeO nanocomposite electrode in a Li cell [22]. Clear evidence of the
NaF decomposition during charge was also observed in the ex situ XRD
analysis, as presented in Fig. S4.

The electrochemical performance of the NaF–FeO nanocomposite
electrode was further investigated with cycles in Fig. 2 (a). Notably, the
charge/discharge profiles of the nanocomposite electrode gradually
rge/discharge profiles of NaF–FeO nanocomposite electrode at current density of
sensitive TFY mode and (e) surface-sensitive TEY mode in the first cycle. The red
m of Fe–F bonding and NaF. The peak marked with * is the main peak generated



Fig. 2. (a) Charge/discharge profiles of NaF–FeO nanocomposite for the first 50 cycles. (b) Average discharge voltage as a function of cycle number. (c) CV profiles at
various cycles at scan rate of 0.5 mV/s. (d) Cycle life and coulombic efficiency of NaF–FeO nanocomposite at current density of 50mA/g.
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changed as cycling proceeded. For the initial discharge, a sloping profile
was observed (Fig. 1 (b)), whereas the discharge profile after 50 cycles
increasingly displayed a plateau-like region at approximately 2.5 V.
Quantitative examination of the average discharge voltage in Fig. 2 (b)
confirms the increase from 2.0 V in the 1st cycle to 2.25 V in the 50th

cycle. The change in the redox potential was also evident in the cyclic
voltammetry (CV) measurements (Fig. 2 (c)) and dQ/dV analysis
(Fig. S5) for different cycles, which show that the peak at ~2.5 V pro-
gressively emerged as cycling progressed. With the emergence of the
plateau region, the discharge capacity also increased from 150mAh/g in
the 1st cycle to 165mAh/g in the 50th cycle (Fig. 2 (d)). The evolution of
the plateau-like region implies that substantial amounts of Na ions are
stored in the local environments with equivalent Na chemical potentials,
which is hardly observed for the surface or capacitive electrochemical
reactions. In addition, the increase in the discharge voltage indicates the
formation of energetically more stable storage sites for Na ions from the
NaF–FeO nanocomposite electrode as cycling progresses. Both features
strongly suggest the gradual formation of the host structure for Na ions
evolving from the NaF–FeO nanocomposite.

From the initial stoichiometry of the NaF–FeO nanocomposite and the
fact that NaF decomposes and Fe–F bonding is formed during charging,
the host structure formed is likely to be iron oxyfluoride (FeOF). How-
ever, it is noted that the discharge voltage of the iron oxyfluoride
observed here is substantially higher than that of the well-known rutile
FeOxF2�x (0< x� 1). In our case, almost half of the capacity was deliv-
ered above 2.5 V after the formation of the host structure, whereas, ac-
cording to previous studies, negligible capacity could be delivered above
2.5 V for rutile FeOxF2�x (0< x� 1) electrodes [40–42]. This difference
suggests that the host structure formed during electrochemical charge/-
discharge of NaF–FeO may differ from the rutile FeOxF2�x (0< x� 1)
structure. To gain further insight into the host structure, ex situ XRD
analysis was performed, as shown in Fig. 3 (a). In this figure, the number
corresponds to the cycle number, and C and D indicate the charged and
discharged state, respectively. In the as-prepared state, the characteristic
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(111), (200), and (220) peaks of FeO were clearly observed at 36.4�,
42.3�, and 61.4�. However, after 5 electrochemical cycles, the peaks from
FeO decreased, and new peaks began to emerge at 35.2�, 43.0�, and
62.5�; after 20 cycles, these peaks were dominant over the pristine FeO
peaks (Fig. S6). The new peaks generally match with those of Fe2O3 with
cubic P4132 symmetry, where the anion is richer than the cation,
implying that the iron oxyfluoride that is likely to be formed resembles
the crystal structure of cubic Fe2O3. The one of the possible reason why
iron oxyfluoride formed in NaF-FeO shows an XRD pattern similar to that
of cubic Fe2O3 is that the atomic arrangement iron oxyfluoride formed in
NaF-FeO is similar to that of cubic Fe2O3, and the atomic numbers of F
and O are similar, which makes it difficult to distinguish them on XRD.

We attempted to directly visualize the crystalline structure of the new
host using Cs-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM), as shown in Fig. 3 (b). The
atomic arrangement different from that of FeO was observed throughout
the particle and the fast Fourier transform (FFT) image of the sample in
the inset of Fig. 3 (b) shows characteristic spots at 0.217 nm (blue),
0.261 nm (green), and 0.439 nm (yellow), which do not match with those
of the pristine rocksalt FeO structure. The detailed structure was further
probed in the area enclosed by the green box using atomic-resolution
HAADF-STEM, as shown in Fig. 3 (c). The results consistently indicate
that the new host differs from the pristine FeO. The atomic arrangement
shown in Fig. 3 (c) matched well with the characteristic Fe arrangement
in the (110) plane of cubic Fe2O3, which agrees with the ex situ XRD
analysis in Fig. 3 (a). The line intensity profile alternates between a
relatively dark spot (red) and a bright spot (green), and the dissimilar
intensities of the red and green spots suggest the different number of
atoms present in each column. It is noteworthy that the number of atoms
in the green column is almost twice that in the red column in a typical
cubic Fe2O3 structure, unlike in the rocksalt structure.

The HAADF-STEM and ex situ XRD analyses suggest that the host
structure has cubic symmetry with Fe atomic arrangement similar to that
of cubic Fe2O3. Given that the initial Fe:O stoichiometry is 1:1 and that



Fig. 3. (a) Ex situ XRD patterns of NaF–FeO nanocomposite electrodes. The red dotted lines indicate the peak positions of cubic FeO, and the purple dotted lines
indicate the peak positions of cubic Fe2O3. (b) HAADF-STEM image of 20th discharged electrode (inset: FFT image). (c) Fe atomic arrangement of the area enclosed by
the green box in (b). The Fe atomic arrangement of the (110) plane of cubic Fe2O3 is also shown. HAADF line intensity profile measured in the area enclosed by the
black box. The red arrows indicate relatively dark spots, and the green arrows indicate relatively bright spots.

I. Hwang et al. Energy Storage Materials 23 (2019) 427–433
the oxidation state of Fe increases close to þ3, we suspect that the host
structure formed in the NaF–FeO nanocomposite electrode is FeOF with
cubic symmetry. The formation of cubic FeOF was also recently reported
in the electrochemical cycling of a LiF–FeO nanocomposite electrode
operated in a Li cell, which served as a Li intercalation host [22]. The DFT
calculation performed in LiF-FeOwork showed that the formation energy
of cubic FeOF is 26.6 meV/f.u. higher than that of rutile FeOF which
showed feasibility of forming cubic FeOF as metastable phase. The for-
mation of cubic FeOF in both LiF–FeO and NaF–FeO systems implies that
the formation of cubic FeOF might be a universal phenomenon if
appropriate F-donating sources, such as LiF and NaF, are supplied.
Moreover, the fact that cubic FeOF is formed instead of the thermody-
namically stable rutile FeOF suggests that the initial crystalline symmetry
of the pristine FeO has guided the formation of the cubic FeOF. The
electrochemical reaction occurs at a relatively low temperature
compared with the synthesis temperature of iron oxyfluorides, which is
typically above 300 �C [40,43]. The low temperature during the phase
transformation may lead to the sluggish atomic diffusion in the NaF–FeO
nanocomposite, trapping it in the metastable cubic FeOF phase and
retaining the pristine symmetry of FeO. After the formation of the host
structure, the lattice parameter was 8.377 Å in the charged state and
8.440 Å in the discharged state within the cubic symmetry (Fig. S7) [22].
Thus, the volume change during charge and discharge was 2.3%, which is
slightly larger than the volume change of 1.5% for cubic FeOF operated
in a Li cell system [22]. The larger volume change in the Na system than
in the Li system may be attributed to the larger radius of Na ions than Li
ions in the intercalation.

To attain a better understanding of the formation mechanism of the
host structure, ex situ F K-edge XAS analysis was performed as cycling
progressed (Fig. 4). Fig. 4 (a) and (b) show that, in the charged state, the
signals from NaF were barely detected, whereas signals from Fe–F
bonding were observed both in the bulk (TFY mode) and at the surface
(TEYmode) for all the cycles. These findings indicate that F binds with Fe
in FeO not only at the surface but also within the bulk in the charged
states regardless of the cycle number. The Fe K-edge EXAFS spectra in the
charged state also indicate that the changes in the EXAFS for different
cycles were relatively small, suggesting that the local environment
around Fe in the charged state was similar for all the cycles after the first
charge process (Fig. 4 (c)). However, in the discharged state, compara-
tively different XAS signals were observed for the bulk (Fig. 4 (d)) and
surface (Fig. 4 (e)). For the initial few discharged cycle states (1D and
2D), the Fe–F bonding signal was only detectable in the bulk (i.e., TFY
mode), whereas the NaF signal was detected for both modes. The XAS
results suggest that most of the Na ions could not intercalate into the
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FeOF structure and underwent a surface conversion reaction to form NaF
at the surface, similar to the findings in the LiF–MnO nanocomposite after
the first discharge [21], whereas a fraction of FeOF could be retained in
the bulk, allowing Na-ion intercalation. As cycling proceeded, the Fe–F
signal began to emerge in the surface-sensitive TEY mode and the NaF
signals were gradually reduced in both the TFY and TEY modes in the
discharged state. These results imply that the phase transition propagates
from the bulk to the surface and that the NaF formation becomes difficult
even at the surface, most likely because of the completion of the for-
mation of the host structure. This gradual change in the discharged state
was also confirmed by the Fe K-edge EXAFS results, as shown in Fig. 4 (f).
In this figure, the peak at 1.45 Å, which represents the Fe bonding to the
anion (O and F) in the discharged states [23,24,44,45], increases as
cycling proceeds, which supports the idea that the primary electro-
chemical reaction shifts from a ‘surface conversion’ to a ‘host formation’
reaction as cycling progresses. After cycling, the signals for the charged
and discharged samples in both the TEY and TFY modes were almost
identical, indicating that the host structure formation was completed and
it is well maintained during charge and discharge (Fig. S8).

The electrochemical responses before and after host formation were
examined using CV, as shown in Fig. 5 (a) and (b). The CV tests were
performed in the 2nd and 20th cycles at scan rates between 0.075 and
1mV/s to distinctively investigate the behaviors before and after the host
formation. Before the host formation (Fig. 5 (a)), both the anodic and
cathodic peaks increased with increasing scan rate without a change in
the peak position, which is a typical characteristic of a surface capacitive
reaction [21]. However, as shown in Fig. 5 (b), in the 20th cycles (i.e.,
after the host formation), both the anodic and cathodic peaks shifted with
increasing scan rate, indicative of a diffusion-limited process, which is
often observed in electrode reactions involving an intercalation process
[46]. The rate capability results also clearly support the idea that the
electrochemical responses of the electrodes changed as cycling pro-
gressed, as shown in Fig. 5 (c) and (d). The rate tests were performed by
increasing the discharge current density from 50 to 2000mA/g. Fig. 5 (c)
shows that the capacity decrease and voltage drop at high current were
relatively small before the host formation, which is attributed to the
surface electrochemical reaction. Approximately 70% of the low-rate
capacity (the capacity at 50mA/g) was retained at the current density
of 2000mA/g. However, relatively smaller capacity retention could be
achieved after the host formation, where 55% of the low-rate capacity
(capacity at 50mA/g) was maintained at the current density of
2000mA/g. This result indicates the comparatively sluggish reaction of
intercalation compared with the surface conversion reaction.

Inspired by the finding that the cubic FeOF host can also be formed



Fig. 4. Ex situ F K-edge XAS spectra measured in charged state in (a) TFY mode and (b) TEY mode. The number represents the cycle number, and C and D indicates the
charged and discharged state, respectively. (c) The Fe K-edge EXAFS spectra measured in the charged state. F K-edge XAS results measured in the discharged state in
(d) TFY mode and (e) TEY mode. (f) The Fe K-edge EXAFS spectra measured in the discharged state.

Fig. 5. CV profiles of NaF–FeO nanocomposite electrode at various scan rates after (a) 1 cycle and (b) 19 cycles. Discharge profiles at various discharge current
densities after (c) 1 cycle and (d) 19 cycles.
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from FeO serving as a Na-ion host in the Na electrochemical system,
similar to the Li electrochemical system [22], we attempted to verify
whether this phenomenon is universal for other alkali metal systems. A
KF–FeO nanocomposite was synthesized using high-energy ball milling
and tested in a K half-cell configuration. Fig. S9 shows that the KF–FeO
nanocomposite electrode could deliver a first discharge capacity of
100mAh/g with reversible Fe oxidation and reduction during the cycle.
However, notably, the charge/discharge profile did not change, and ca-
pacity increase was not observed as cycling progressed (Fig. S10). This
finding differed from the results for the LiF–FeO and NaF–FeO nano-
composites, where a profile change was observed during cycling,
accompanying the host formation reaction. The CV curves of KF–FeO in
the 2nd and 20th cycles were typical profiles of surface electrochemical
reactions, where the peak position does not change with scan rate
(Fig. S11). Both the charge/discharge profiles and CV results indicate
that the host formation for K ions was not induced in the KF–FeO
nanocomposite electrode during cell operation. In Fig. S12, it was
observed that in the discharged state after 20 cycles, the majority of the
peaks from the ex situ XRD analysis of the KF–FeO nanocomposite still
corresponded to FeO while traces of cubic FeOF could be detected. These
findings along with the results above suggest that the complete phase
transformation from cubic FeO to cubic FeOF might be aided by an
intercalation/deintercalation reaction of an alkali ion such as Li or Na. It
is speculated that in the KF–FeO case, larger K ions may not be suitable
for intercalation into the cubic FeOF structure, which would prohibit
further transformation from FeO to cubic FeOF.

In summary, we investigated the Na storage behavior in a nano-
composite electrode of NaF and FeO in a Na electrochemical cell. Ex situ
XRD and HAADF-STEM analysis revealed the formation of cubic FeOF,
different from rutile FeOF, during cell operation of the NaF–FeO nano-
composite, which is analogous to previously reported results for a Li
electrochemical cell. As the host structure is formed for Na-ion storage,
the average voltage increases from 2.0 to 2.25 V, and the discharge ca-
pacity increases from 150 to 165mAh/g. F K-edge XAS analysis and re-
sults for the KF–FeO nanocomposite suggest that the phase
transformation of FeO to cubic FeOF occurs gradually as cycling pro-
gresses and that full transformation is only possible when the appropriate
alkali ion sources are utilized. The work presented here broadens our
understanding of the electrochemistry of nanocomposite electrodes and
helps to open up new possibilities for finding promising electrode ma-
terials by screening polymorphs of pre-existing cathode materials.
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