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Wet-Chemical Synthesis of Phase-Pure FeOF Nanorods as High-
Capacity Cathodes for Sodium-Ion Batteries™*

Jian Zhu and Da Deng*

Abstract: 1t is challenging to prepare phase-pure FeOF by wet-
chemical methods. Furthermore, nanostructured FeOF has
never been reported. In this study, hierarchical FeOF nanorods
were synthesized through a facile, one-step, wet-chemical
method by the use of just FeFy3H,0 and an alcohol. It was
possible to significantly control the FeOF nanostructure by the
selection of alcohols with an appropriate molecular structure.
A mechanism for the formation of the nanorods is proposed.
An impressive high specific capacity of approximately
250 mAhg™' and excellent cycling and rate performances
were demonstrated for sodium storage. The hierarchical
FeOF nanorods are promising high-capacity cathodes for
SIBs.

Sodium—ion batteries (SIBs) have been attracting much
attention in recent years as alternatives to the predominantly
employed lithium-ion batteries (LIBs) for energy storage.
There is increasing concern about the depletion of Li reserves
located mainly in South America and the high cost of LIBs.!!
Expensive LIBs may not meet the increasing demand for
large-scale applications, such as the mass adoption of electric
vehicles and energy storage for renewable but intermittent
solar and wind energy in smart grids. In contrast, Na reserves
are abundant. Arguably, SIBs could be much cheaper than
LIBs with comparable energy density."¥ However, there is
still a lack of suitable electrodes for SIBs. Owing to the larger
radius of the Na ion (r=1.02 A) as compared to the Li ion
(r=0.59 A) and their different ionic coordination properties,
sodium ions have much slower solid-state diffusion kinetics,
and the reaction kinetics of sodium-insertion/extraction
reactions are much poorer than those of lithium ions.'*¢?
Therefore, nanoscale electrode materials should be employed
to overcome these issues in the development of SIBs. At the
same time, in the selection of electrodes for SIBs, attention
must be paid to the differences and similarities of SIBs to
LIBs. The conversion-type mixed-anion cathode material iron
oxyfluoride (FeO,F,_)) is a promising cathode candidate for
SIBs, although it has mainly been investigated for LIBs
previously.”! FeO,F, , offers the combined advantages of
fluorides, with a high reaction potential and high output
voltages, and the beneficial effects of oxides, with improved
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capacity, conductivity, and cycling stability. The covalent Fe—
O bonds in the highly ionic fluoride structure can improve
electronic conductivity.’*¥ FeOF (x=1) has a theoretical
capacity of 885 mAhg~"P! which is larger than that of FeF,
(x=0; 571 mAhg ') and FeF; (712 mAhg'), assuming it is
fully converted: FeOF +3Li—Fe’+ LiF +Li,0.” Practi-
cally, the capacity should be much lower than the theoretical
value owing to less than 3e™ transfer. Although FeOF has
been investigated as a cathode candidate for LIBs, there is
a lack of detailed studies on the electrochemical performance
of nanostructured FeOF for applications in STBs.*!

The fabrication of electrode materials at the nanoscale is
a generally accepted strategy to improve electrochemical
performance in terms of cyclability, capacity, and charging
rate.l’! However, high-capacity cathodes of FeOF with unique
nanostructures (e.g. 1D nanorods) have not been reported so
far to the best of our knowledge. It is very challenging to
synthesize phase-pure FeOF nanostructures under mild
conditions. In fact, the preparation of bulk FeOF even
without any nanostructure is difficult. Typically, expensive
experimental instruments and rigorous procedures must be
used. For example, a solid-state reaction between Fe,O; and
FeF; as starting materials at a reaction temperature of about
950°C has typically been used to prepare FeOF.?*®#l How-
ever, this conventional method not only requires a high
energy input and expensive sealed Pt tubes, but it is also
difficult to obtain a pure single phase or nanostructured
FeOF. Recently, much effort has been devoted to the
development of alternative methods for the preparation of
FeOF. The reaction between metallic Fe and H,SiF, with
subsequent heat treatment in air,* the reaction of metallic Fe
and dangerous HF acid,**! and the fluorination of Fe;0,in F,
with heating®”’ have been explored. The existing methods
suffer from a number of notable limitations, such as the
requirement of an ultrahigh temperature, expensive instru-
ments, complex procedures, and the usage of highly corrosive
HF and toxic F,, and the difficulty in obtaining pure FeOF
stoichiometry. Furthermore, no unique nanostructured FeOF
could be formed by the reported methods.

Herein, we report the design and facile preparation of
phase-pure hierarchical FeOF nanorods by a mild wet-
chemical procedure with commercial FeF;:3H,0 and an
alcohol as the only reactant and solvent (see the Experimental
Section). More importantly, we found that the nanostructures
could be readily tuned by the selection of different alcohols;
our observations helped us to understand the mechanism of
formation of the FeOF nanorods. The as-prepared hierarch-
ical FeOF nanorods were tested as cathode materials for SIB
at ambient temperature, and very stable cycling performance
was observed. An impressive specific capacity of approx-
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imately 250 mAhg ™' was reached without notable capacity
fading, and good rate performance was demonstrated. The
excellent electrochemical performance suggests that the as-
prepared hierarchical FeOF nanorods are promising cathodes
for future low-cost SIBs.

The phase purity of the hierarchical FeOF nanorods
obtained with 1-propanol was evidenced by X-ray diffraction
(XRD; Figure 1). All the peaks could be assigned to FeOF
(JCPDS card no. 70-1522), and no impurity peaks were
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Figure 1. XRD pattern of as-prepared hierarchical FeOF nanorods.

observed. This XRD result suggests the successful and
complete conversion of the precursors into FeOF. In other
words, all the FeF;-:3H,O was converted into hierarchical
FeOF nanorods. The results of energy-dispersive X-ray
spectroscopy (EDS) and its elemental mapping (see Figure S1
in the Supporting Information) further confirmed the for-
mation of phase-pure FeOF. Another indication of complete
conversion is that the solvent after the reaction was colorless;
if Fe*" ions were present in the solution, the typical yellow
color of Fe*" ions would be observed.

The morphology of the as-prepared hierarchical FeOF
nanorods was thoroughly characterized by SEM and TEM
(Figure 2). Only nanorods and rod assemblies (no other types
of nanoparticles) were observed in the low-magnification
overall view (Figure 2 a), which indicates that the product was
not only phase-pure by XRD but that its morphology was also
highly identical. The as-prepared FeOF nanorods and assem-
blies had a totally different morphology to that of their
precursor, irregular-shaped FeF;3H,O (see Figure S2b),
whose XRD pattern (see Figure Sla) was also totally differ-
ent. Nanorod assemblies with different numbers of nanorods
are apparent in Figure 2b. Generally, the assemblies have
a 2D starlike structure when the number of nanorods is not
more than six. Assemblies with more than six branches in the
3D structure are observed as well. The hierarchical nanorods
are shown in more detail in Figure 2c. The rods in a six-
nanorod assembly (Figure 2¢, marked by (®) have a rod
diameter of about 20-35nm. The universal formation of
hierarchical FeOF nanorods was also demonstrated by low-
magnification TEM (Figure 2d). The inset in Figure 2 d shows
the selected-area electron diffraction (SAED) of the hier-
archical FeOF nanorods. All the diffraction spots can be
assigned to crystalline FeOF, thus indicating that the rods are
single-crystalline. The detailed structures of a few represen-
tative multirod assemblies are shown in Figure 2e. High-
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Figure 2. Field-emission SEM (FESEM) and TEM characterization of
hierarchical FeOF nanorods. a) Low-magnification FESEM image show-
ing that all structures formed are rods or starlike rod assemblies.

b) Magnified FESEM image showing nanorod assemblies with different
numbers of nanorods as branches. ¢) Magnified FESEM image show-
ing the details of FeOF nanorod assemblies; the numbers in the circles
indicate the number of rods in each assembly. d) Low-magnification
TEM image of the structures. The inset is the selected-area electron
diffraction (SAED) pattern of the FeOF nanorods. e) Magnified TEM
image showing the details of hierarchical FeOF nanorods. f) HRTEM
image of a section of a nanorod.

resolution (HR) TEM of a section of a single nanorod clearly
showed that the nanorod was single-crystalline with a d space
of 0.33 nm that can be assigned to the distance between (110)
planes (Figure 2 f). The nanorods grow in the [001] direction.
The Fe atom in FeOF is in an octahedral environment, in
which O and F occupy the opposite corners of an octahe-
dron.®! The average Fe—O and Fe—F bond lengths are 1.93
and 2.12 A, respectively.*] The lowest-energy FeOF structure
(P4,/m(84)) in the range of 3 x 3 x 2 cells with projection along
[001], [010], [100], and [111] directions is shown in Figure S3
of the Supporting Information.”®! The largest channels along
the [001] direction are composed solely of O atoms, solely of
Fatoms, or of 50% O and 50% F atoms (see Figure S3a).
Thus, the alignment of the channels along the growth
direction of the nanorods was experimentally evidenced by
HRTEM.

To understand the mechanism of formation of the
hierarchical FeOF nanorods, we used five additional alcohols,
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namely, methanol (CH;OH), ethanol (CH;CH,OH), 1-pen-
tanol (CH;CH,CH,CH,CH,0OH), 2-propanol (CH;CHOH-
CHj;), and ethylene glycol (HOCH,CH,OH), as solvents
instead of 1-propanol (CH;CH,CH,OH). The products
obtained were investigated thoroughly. Rodlike structures
formed not only in 1-propanol, but also in the other three
straight-chain monohydric alcohols tested: methanol, etha-
nol, and 1-pentanol (Figure 3a—c). FeF; nanorods with
a larger diameter and a hexagonal cross-section formed in
methanol (Figure 3a). The morphology of FeOF prepared in
pure ethanol was similar to that of FeOF obtained with 1-
propanol (Figure 3b). Nanorod assemblies were also

Reactant

Methanol Ethanol l-ProianoI

1-Pentanol 2-Propanol  EG

Figure 3. Effect of different alcohols on the structures. a—e) FESEM
images of samples prepared in: a) methanol, b) ethanol, c) 1-pentanol,
d) 2-propanol, and e) ethylene glycol (EG). f) Optical image of the
precursor FeF;-3 H,0 and solid samples obtained in different alcohols.

observed when 1-pentanol was used as the only solvent.
However, some nanoparticles were formed as a by-product
(Figure 3¢). Interestingly, no rodlike structures were
observed for samples prepared in the branched-chain mono-
hydric alcohol 2-propanol (Figure 3d) or the dihydric alcohol
ethylene glycol (Figure 3e). Only nanoparticle aggregates
and irregular microparticles were formed with 2-propanol and
ethylene glycol, respectively.

As a 3d transition metal, iron can bind with ligands to
form a coordination complex.'”! The FeF;3H,O might
undergo dehydration in the non-aqueous system of an alcohol
R-OH, which may play a dual role as both the solvent and
a binding ligand.'"! The binding of Fe and the ligand —OR to
form a Fe—~OR bond may play a critical role in tuning the
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growth and formation of the nanostructures. The RO—ligands
could be seen to function as the facet-controlling agents by
significantly affecting the surface energy during the growth of
nanostructures, thus leading to anisotropic crystal growth.™?
Additionally, the length of the carbon chains of the ligands
can significantly affect the binding ability and surface energy.
Monohydric alcohols ROH with R=CH;, CH;CH,, or
CH;CH,CH, led to the formation of nanorod assemblies.
The alcohol with R =CH;CH,CH,CH,CH, led to the for-
mation of both nanorods and nanoparticles. This observation
suggests that it is more difficult for CH;CH,CH,CH,CH,O—
with a longer alkyl group to bind with iron atoms than it is for
the ligands CH;0—, CH;CH,0O—, and CH;CH,CH,O— with
shorter alkyl groups, probably as a result of steric hin-
drance.!! When the solvent was changed from 1-propanol to
2-propanol, no rodlike structures were observed (Figure 3d).
This observation indicates the different binding capability of
1-propanol and 2-propanol owing to a different arrangement
of the nonpolar alkyl groups and the location of the hydroxy
group. When the dihydric alcohol ethylene glycol was used,
no nanorods were formed either, and the particle-size
distribution was poor. This result suggests that dihydric
alcohols with two symmetrical polar hydroxy groups are not
good facet-controlling agents, possibly because one dihydric
alkoxide (OCH,CH,0) tends to bind to two iron atoms at the
same time, thus leading to the formation of large particles,
that is, with microscale instead of nanoscale dimensions
(Figure 3e). The color change from pale to brown was
observed for all samples synthesized in different alcohols
(Figure 3 f), thus indicating the successful transformation of
FeF;-3H,0, and the synthesis is highly scalable. The compo-
sition was characterized by XRD to be FeF; in the case of
methanol, FeOF in the case of ethanol/1-propanol, and “XRD
amorphous” for the other tested alcohols.

We propose a possible mechanism for the formation of
FeOF in the pure alcohol system. As a typical transition
metal, the Fe atom can bind with —F, —OR, or —OH;
therefore, the intermediate FeF,(OH),(OR);_,_, could be
formed in the given reaction environment. Possible repre-
sentative dehydration, alcoholysis, hydrolysis, and dealcohol-
ysis reactions involved in the formation of phase-pure FeOF
could be:l4

FeF, - 3H,0 — FeF, + 3H,0 (1)
FcF, + xHOR — FeF;_ (OR), + xHF 2)
FeF, ,(OR), + (2—x) H,0 — FeF(OR),(OH), , + 2-x)HF  (3)
FeF(OR),(OH),_, — FeOF + x HOR + (1-x) H,O (4)

In our reaction systems, the amount of Fe, F, and H,O
present is fixed by the precursor FeF;-3 H,O, and the alcohols/
alkoxides are abundant. The alkoxides may function as the
facet-controlling agents to assist the formation of FeOF
naorods. The alkoxides OR with R = CH;CH,, CH;CH,CH,,
and CH;CH,CH,CH,CH,, may prefer to be the terminal
groups attached to (110) facets to achieve the lowest surface
energy, thus leading to the growth of the nanorods in the [001]
direction. On the other hand, in the case of 2-propanol and
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ethylene glycol, the corresponding alkoxides offer different
surface-binding or coordination preferences as compared to
those of the straight-chain alkoxides, thus leading to the
formation of particles instead. This hypothesis is also
supported by our observation that the nature of the alcohol
has great impact on the morphology/composition of the final
product.

A nanorod-splitting phenomenon was observed (see
Figures S5-S9). The diameter of each subrod was smaller
than that of the unsplit mother rod. In TEM images of
nanorod assemblies with different numbers of branches (see
Figure S8), cavities were observed at the joints of rods in all
assemblies. These cavities which might be formed by the
mechanical deformation/breakdown caused by rod splitting
and the reoriented alignment of the rods in the assembly.!™!
The TEM images (see Figure S8) revealed the formation of
nanorod branches with different diameters/lengths as hier-
archical structures with 3, 4, 6, and 12 nanorods. The
observations suggest that the formation of sub-nanorods
may start from the splitting of mother rods on the basis of
a combined crystal-splitting mechanism™>!°! and an oriented
attachment/assembly process.'”? The splitting mechanism
could be similar to that of Bi,S;, which can form 2D tri-,
tetra-, and hexapod structures. The fast crystal growth in the
oversaturated solution provide the right conditions for
splitting.'% However, the exact mechanism for the formation
of hierarchical FeOF nanorods still requires further inves-
tigation, which we are pursuing with the assistance of
computational modeling.

The electrochemical performance of the as-prepared
hierarchical FeOF nanorods was evaluated (Figure 4). Our
analysis herein is derived from our understanding of LIBs.>!
The first two cycles of the charge—discharge profile are shown
in Figure 4a. The open-circuit voltage is about 2.20 V. In
analogy to LIBs, the first discharge (sodiation) slope, from
about 1.75V to about 125V with a plateau, could be
associated with the insertion of Na ions into FeOF [Eq. (5)];
and the plateau at approximately 1.0 V might be attributed to
the partial formation of NaF, Na,O, and metallic Fe

[Eq. (6)].5
Fe**OF + Na — NaFe?'OF (5)
NaFe?*OF + 2Na — NaF + Na,O + Fe’ (6)

In the second sodiation process, no distinguishable
plateaus can be observed, and a slope from about 3.0 to
1.0 V can be observed. To better interpret the results, we
analyzed the dQ/dV plot similarly (see Figure S10). The
cycling performance at 10 mAg' shows that the specific
capacity can be maintained at about 250 mAh g~ for 20 cycles
(Figure 4b). Furthermore, the specific capacity can be main-
tained at about 210 mAh g™ for another 20 cycles at a doubled
rate of 20mA g '. The good cycling performance of FeOF
nanorods suggests that the nanostructured FeOF offers better
electrode cyclability than random particles.®)

In summary, we have successfully prepared hierarchical
FeOF nanorods through a novel and facile alcohol-assisted
solvothermal method. The method could be expanded to the

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Q
s
o

)
w w
o o

1st Sodiation
1st Desodiation
2nd Sodiation
2nd Desodiation

Voltage (V vs. Na/Na'
n
o

10— T————
0 50 100 150 200 250 300 350 400
Specific Capacity (mAh g")

b
~ 400+ i ® Sodiation
2 350]® ; m  Desodiation
E 300 m 10mA ¢
~ 20mA g
2 250 { Gpmemtend]
By
€ 200 :
O 150
2
£ 100
8 50 -
w T T T T
0 10 20 30 40

Cycle Number

Figure 4. Electrochemical performance of the hierarchical FeOF nano-
rods as cathodes for SIBs. a) Charge—discharge profile of the first two
cycles. b) Cycling and rate performance. Test conditions: currents of
10 and 20 mAg™'; voltage window of 1-4 V.

synthesis of other mixed-anion materials (M,A,A,,). The
molecular structure of the alcohols, including the alkyl-chain
length, the alkyl-chain arrangement, and the location and
number of hydroxy groups, can significantly control the
composition/structure of the FeOF obtained. The as-prepared
FeOF nanorod assembly shows excellent cycling and rate
performance for SIBs at room temperature. These results
suggest that the FeOF nanorods can be applied as high-
capacity low-cost cathodes with excellent cyclability for SIBs.

Experimental Section

All the reagents used were of analytical grade from Sigma Aldrich
(USA) and were used as received without purification. Typically,
FeF;:3H,0 (66.8 mg) was added to 1-propanol (32 mL) in a 45 mL
Teflon reactor. The mixture was stirred for 5 min and then heated to
200°C and maintained at this temperature for 24 h. The reactor was
then allowed to cool down naturally under ambient conditions, and
the as-prepared brown powder was washed with pure ethanol three
times and dried in a vacuum at 50°C overnight. For the study of
solvents, other alcohols were used in place of 1-propanol, and all
other conditions remained the same.
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