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T
he demand for high-energy storage

11 systems is increasing rapidly, espe-
12 cially for large-scale applications in
13 electric vehicles. Today's lithium-ion bat-
14 teries utilize graphite for the anode, with a
15 specific capacity of 372 mAh g!1, while the
16 capacity of the commercially available cath-
17 odes (even those most advanced ones, i.e.,
18 LiMn2O4, LiFePO4, LiNi1/3Mn1/3Co1/3O2) is
19 low,∼120!180mAh g!1; hence, the capac-
20 ity of the current cathodes is the bottle-
21 neck for the development of low-cost bat-
22 teries for vehicle application. To expand the
23 search of new cathode materials beyond
24 traditional constrains in designing cathodes
25 (with open framework and Li-containing
26 requirements), Li-free conversion materials
27 started to be considered, in particular those
28 transition metal compounds, based on the
29 chemistry:M(nþ)Xzþ nLiþþ ne! = LinXzþM0

30 (M= transitionmetals). They arepromising for

31next-generation lithium batteries due to the
32exceptionally high specific-capacity (∼500!
33700mAh g!1; 2- to 4-fold higher than that of
34conventional intercalation compounds).1!4

35There are various types of conversion com-
36pounds, including themetal oxides, nitrides,
37sulfides, and fluorides.3,4 However, the reac-
38tion potentials scale with the electronega-
39tivity of the anion, spanning a wide range,
40and only metal fluorides have sufficiently
41high working potentials for use as cath-
42odes.1,5!11 However, their poor cycling sta-
43bility and lowenergy efficiency (arising from
44large voltage hysteresis) remain a formid-
45able hurdle to their practical applications.
46Cycling performance in metal fluorides is
47predominantly affected by cation species,
48as being demonstrated by reasonable re-
49versibility in FeF2 vs irreversibility in CuF2.

7,11

50Interestingly, some reversibility in Cu2þ/0 re-
51dox was achieved in mixed-cation fluorides,
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ABSTRACT Mixed-anion oxyfluorides (i.e., FeOxF2!x) are an appealing alter-

native to pure fluorides as high-capacity cathodes in lithium batteries, with

enhanced cyclability via oxygen substitution. However, it is still unclear how the

mixed anions impact the local phase transformation and structural stability of

oxyfluorides during cycling due to the complexity of electrochemical reactions,

involving both lithium intercalation and conversion. Herein, we investigated the

local chemical and structural ordering in FeO0.7F1.3 at length scales spanning from

single particles to the bulk electrode, via a combination of electron spectrum-

imaging, magnetization, electrochemistry, and synchrotron X-ray measurements.

The FeO0.7F1.3 nanoparticles retain a FeF2-like rutile structure but chemically heterogeneous, with an F-rich core covered by thin O-rich shell. Upon lithiation

the O-rich rutile phase is transformed into Li!Fe!O(!F) rocksalt that has high lattice coherency with converted metallic Fe, a feature that may facilitate

the local electron and ion transport. The O-rich rocksalt is highly stable over lithiation/delithiation and thus advantageous to maintain the integrity of the

particle, and due to its predominant distribution on the surface, it is expected to prevent the catalytic interaction of Fe with electrolyte. Our findings of the

structural origin of cycling stability in oxyfluorides may provide insights into developing viable high-energy electrodes for lithium batteries.

KEYWORDS: lithium batteries . mixed-anion cathodes . iron oxyfluoride . scanning transmission electron microscopy (STEM) .
electron energy loss spectroscopy (EELS)
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52 CuyFe1!yF2 in the formof solid solution, so highlighting
53 one new way of tailoring the electrochemical per-
54 formances of conversion electrodes.7,11,12 Similarly,
55 the incorporation of mixed anions to form a solid
56 solution was proved to be a viable approach to tuning
57 the electrochemical properties of conversion com-
58 pounds.13!20 For instance, O-substituted FeOxF2!x

59 (0e xe 1) exhibits excellent capacity retention under
60 prolonged cycling, while a recent electrochemical
61 study also revealed a reduced voltage hysteresis upon
62 cycling, leading to the improved energy efficiency of
63 the mixed-anion system.13,18 In addition, FeOxF2!x is
64 expected to deliver more energy than pure FeF2 due to
65 the higher oxidation state of Fe (with incorporation
66 of O) and improved electronic conductivity.13,15

67 Recent experimental and theoretical studies con-
68 firmed that, in this mixed-anion system, the lithium
69 reaction involves both intercalation and conversion via a
70 complexdynamicalprocess, leading toananocomposite
71 of metallic Fe0, LiF, and rocksalt Li!Fe!O(!F).13!20

72 The nanocomposite is reconverted to F-rich rutile and
73 O-rich rocksalt after charge, instead of recovering its
74 initial rutile phase.17 In those previous experimental
75 studies, bulk techniques, such as X-ray and nuclear
76 magnetic resonance (NMR), can only provide averaged
77 information with data collected from large areas of
78 agglomerates. Moreover, X-ray scattering techniques
79 are mostly sensitive to Fe-based phases, but they are
80 incapable of detecting the light constituents (i.e., LiF
81 and Li2O) due to the small X-ray scattering power of
82 light elements, and they do not have sufficient resolu-
83 tion to probe the local, heterogeneous electrochemical
84 reactions within individual nanoparticles. It remains
85 unclear how those phases are spatially distributed and
86 how they evolve with cycling and thereby affect the
87 cycling stability of the FeOxF2!x electrode.
88 Scanning transmission electron microscopy (STEM),
89 coupledwith electron energy-loss spectroscopy (EELS),
90 has been proven powerful in identifying the structural
91 and chemical ordering in conversion materials due to
92 its extraordinary spatial resolution (down to atomic
93 level) and high sensitivity to the chemical states of
94 both light elements (i.e., Li) and transition metals in the
95 constituents.7,8 Here, we report the detailed inves-
96 tigation of the chemical and structural orderings in
97 FeO0.7F1.3 via STEM-EELS, combined with complemen-
98 tary magnetization measurements, synchrotron X-ray
99 diffraction (XRD), and X-ray absorption spectroscopy
100 (XAS). Spatial distribution of all constituent elements
101 (i.e., Li, Fe, O, F) and valence states of Fe at pristine and
102 (de)lithiated states were resolved at the subnanometer
103 scale. Magnetic analysis was carried out to investigate
104 the evolution of the Fe-containing magnetic species in
105 the bulk electrodes.7,21!23 Local reordering was found
106 to occur in the structure and chemical species within
107 individual nanoparticles upon lithiation/delithiation,
108 forming a heterogeneous core!shell structure, a feature

109thatmay be critical for the long-term cycling stability in
110O-substituted oxyfluorides.

111RESULTS AND DISCUSSION

112EELS Imaging for Resolving O/F Distribution within Single
113FeO0.7F1.3 Particles. Despite rapid advances in electron
114microscopy/spectroscopy techniques, their applica-
115tion in probing light elements with high spatial resolu-
116tion and chemical sensitivity has been a great chal-
117lenge due to the low scattering power. This is the case
118particularly in studying insulating fluorides where the
119radiolysis damage becomes a big concern (see details
120in Supporting Information, S1).24,25 To visualize chemi-
121cal inhomogeneity across single FeO0.7F1.3 particles of
122only about 10 nm (in the short dimension), we devel-
123oped an EELS-based spectrum-imaging technique,
124using the intensity ratio between O and F K-edges
125to differentiate these two neighboring elements.
126As shown in Figure 1 F1, with an optimization of the
127conditions (provided in Supporting Information, S1)
128to reduce the dose rate and accumulated dose, we
129were able to identify the spatial distribution of O/F in
130individual particles.

Figure 1. Local structural and chemical ordering of as-
synthesized FeO0.7F1.3 nanoparticles: (a) low-magnifica-
tion ADF image of multiple particles, (b) high-resolution
ADF lattice image, and (c) STEM-EELS spectrum-images for
the elemental distribution of O (green) and F (red) from
many locations (scale bar: 5 nm), (d) electrochemical
cycling of FeO0.7F1.3 (red) in comparison to that of FeF2
(blue).
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131 Core!Shell Structure of Pristine FeO0.7F1.3. The as-
132 synthesized particles have a well-defined ellipsoidal
133 shape, about 10!15 nm wide, 30!50 nm long
134 (Figure 1a). The single-crystalline nature of the nano-
135 particles was identified by high-resolution STEM
136 imaging (Figure 1b and Supporting Information,
137 Figure S2a). FeO0.7F1.3 has a rutile structure, basically
138 same as FeF2, while the Fe valence was changed to a
139 value between 2þ and 3þ (Supporting Information,
140 Figure S2b!d) due to O substitution. And a non-
141 uniform distribution of O and F was revealed by
142 high-resolution elemental mapping, typically forming
143 an O-rich shell and F-rich core in individual particles
144 (Figure 1c; Supporting Information, Figure S3 for
145 corresponding ADF images).
146 This core!shell structure was commonly observed
147 in FeO0.7F1.3 nanoparticles and the thickness of the
148 O-rich shell varies from particle to particle, in the range
149 of 0.5!3.0 nm. The elemental separation between
150 Oand F in a single particle suggests that the substitution
151 of F by O is not homogeneous, but preferentially takes
152 place in the near-surface region, possibly due to the
153 limited diffusion distance of O into FeF2, or the high
154 thermodynamic stability of the core!shell structure.
155 Despite the nonuniform distribution, F and O are
156 present across the entire particles, and thus, it is
157 speculated that no pure oxides (e.g., Fe2O3, Fe3O4)
158 or pure fluorides (e.g., FeF2, FeF3) exist (Supporting
159 Information, Figure S4a!c). Oxygen substitution
160 occurs throughout the entire particle but there exists
161 an oxygen gradient with less oxygen in the core than
162 that in the surface. Therefore, we expect an improve-
163 ment in electronic conductivity of the entire material
164 (due to the change in the electronic structure).15

165 Figure 1d shows the cycling data of FeO0.7F1.3
166 compared to that of the pure FeF2, demonstrating a
167 significant improvement of electrochemical perfor-
168 mance in the material with O substitution. But due to
169 the complexity of electrochemical reactions (involving
170 both intercalation and conversation) and the high
171 chemical heterogeneity across single particles, de-
172 tailed studies at single-particle level are needed in
173 order to understand how O substitution affects the
174 morphological and structural changes in FeO0.7F1.3
175 upon (de)lithiation.
176 Reversible Morphological Evolution. Figure 2F2 shows the
177 typical voltage profile and representative STEM-ADF
178 images showing the morphology of the FeO0.7F1.3
179 particles at various lithiated and delithiated states in
180 the first cycle. There is no noticeable morphological
181 change of particles in the early stage of lithiation, i.e.,
182 in the sloping region above 2.0 V, where intercala-
183 tion mainly occurs (Figure 2b,c).13 But, with further
184 lithiation (in the long plateau region at about 1.5 V),
185 nanosized segregates are formed as a result of the
186 conversion reaction (Figure 2d,e). Those segregates are
187 metallic Fe0 and/or rocksalt Li!Fe!O(!F) but become

188highly disordered, which was identified by electron
189diffraction measurements (see Supporting Informa-
190tion, Figure S5). The nanocomposite is then recon-
191verted to the disordered rutile and rocksalt phases
192after charge, instead of recovering its initial high-
193crystalline rutile phase. The results are consistent with
194previous reports.13,17,20 Surprisingly, the initial mor-
195phology of the particles is largely recovered after
196charging (Figure 2f!h), despite the complex phase
197separation and recombination during cycling.13,17,20

198The stable particle morphology, without pulveriza-
199tion or breakdown of particles, which appears to be
200inherent to FeOxF2!x, may be largely attributed to the
201structural/chemical ordering within the particles (as
202discussed below).
203Evolution of Magnetic Properties. The study of reversi-
204ble behavior at single-particle level was complemen-
205ted by investigation of the magnetic properties of bulk
206electrodes during the first cycle (Figure 3 F3). Two series of
207samples (first tape, and second tape) were studied to
208ensure the reproducibility of our data. For each sample,
209magnetization measurements were performed at 2 K
210(Supporting Information, Figure S6). Figure 3a shows
211the measured values of saturation magnetization,
212obtained by linear extrapolation of high-field magne-
213tization to a zero-field, at various (de)lithiated states.
214There is a clear change of trend inmagnetization at the
215end of the intercalation process, from slow increase to
216a fast increase, which is associated with the formation
217of metallic Fe0, as revealed by ADF imaging (Figure 2).
218The small rise in magnetization upon initial inter-
219calation may be due to the reduction of Fe3þ to Fe2þ,
220suggesting a more ferrimagnetic character of the Fe2þ

221compound. Upon charge, magnetization decreases

Figure 2. Morphological evolution of FeO0.7F1.3 nano-
particles during the first electrochemical cycle: (a) voltage
profile, and (b!h) corresponding ADF images recorded
from the samples at different (de)lithiated states (as indi-
cated in Figure 2a).
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222 rapidly, as metallic Fe0 is consumed, while toward the
223 end of the charge process, a slow decrease of magne-
224 tization becomes observable. Notably, the magnetiza-
225 tion dependences follow the same trend upon dis-
226 charge and charge, indicatingmuch better reversibility
227 of this system compared to FeF2.

7 The saturation
228 magnetization achieved upon discharge to 1.5 V is
229 1.5 μB mol!1, i.e., lower than the 2.2 μB mol!1 expected
230 for metallic Fe0, but comparable to the reported value
231 of the lithiated FeF2.

7,26

232 Interestingly, themeasurements of field-cooled- and
233 zero-field-cooled magnetic susceptibility (Figure 3b
234 and Supporting Information, Figure S7) reveal subtle
235 differences in the magnetic properties between the
236 cycled FeO0.7F1.3 electrodes and the pristine ones,
237 despite the similarity in their saturated magnetization
238 (M/H). The temperature dependence of the magnetic
239 susceptibility of the cycled material overall resembles
240 that of the rutile FeF2 phase, except that the antiferro-
241 magnetic transition temperature is downshifted to
242 47 K, compared to 78.3 K observed for FeF2.

7 Such a
243 change in the magnetic properties should be attribu-
244 ted to the local structural and chemical reorganization
245 revealed by STEM-EELS during the first cycle (as dis-
246 cussed below).
247 Local Chemical Evolution. In addition to the mor-
248 phological evolution revealed by Annular-dark-field

249(ADF)-STEM imaging (Figure 2), information on local
250chemical redistribution due to the lithiation and
251delithiation processes was obtained by STEM-EELS
252spectrum-images recorded from many different parti-
253cles as shown in Figure 4 F4(see also Supporting Informa-
254tion, Figures S8 and S9). The core!shell structure
255(shown in Figure 1c) is sustained after (de)lithiation
256(Figure 4a,b). Both O and F signals were observed across
257the particles (Supporting Information, Figure S4d!i),
258similar to the pristine sample. The retention of the
259original core!shell structure suggests the limited
260diffusion distance of O and F during cycling. We also
261measured the thickness of O-rich layer from tens of
262particles, and the results are depicted in the form of
263histogram in Figure 4c in comparison to that from the
264pristine FeO0.7F1.3 (as given in Figure 1c). With lithia-
265tion, the thickness of O-rich shell increases slightly to
2661.0!3.0 nm, likely due to the volume expansion of the
267shell where lithiumwas incorporated to form lithiated
268surface phase (to be discussed below). After one cycle

Figure 4. Retention of core!shell structure during the first
cycle shownby the elemental distribution ofO (green) and F
(red) in individual FeO0.7F1.3 particles at (a and b) lithiated,
delithiated states, and (c) the thickness of the O-rich shells
(scale bar: 5 nm).

Figure 3. Evolution of the magnetic properties of the
FeO0.7F1.3 electrodes as a function of the states of charge
during the first electrochemical cycle: (a) voltage profile
showing the states of discharge and charge probed by
the magnetization measurements, and corresponding values
of saturation magnetization at 2 K and (b) temperature
dependence of the field-cooled (FC; solid symbols) and zero-
field cooled (ZFC; open symbols) magnetic susceptibilities of
the electrodes at the pristine state and after the first cycle.
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269 it becomes 0.7!2.2 nm, as a result of delithiation,
270 which is comparable to those of the pristine samples.
271 On the other hand, the redox of Fe is expected
272 to vary across single particles due to heterogeneity
273 in the chemical distribution (O/F ratio), i.e., the exis-
274 tence of a core!shell structure. Therefore, STEM-EELS
275 was used to track the valence change of Fe from
276 the spectrum images in both the shell and the core
277 regions in Figure 5F5 a!c and Supporting Information,
278 Figure S10.19,20,27!29 The lithiated one had distinguish-
279 able spectra at the core and the shell, implying the
280 different redox behaviors at the two regions. It can be
281 clearly seen that the spectra at the core changed
282 significantly after lithiation and then recovered after
283 delithiation (Supporting Information, Figure S10a),
284 indicating the reversible redox reaction of Fe at the
285 F-rich core. In contrast, there is no remarkable change
286 in the spectra recorded from the shell (Supporting
287 Information, Figure S10b). To clearly show the change
288 in valence of Fe at various states, the ratios of L3/L2
289 were extracted quantitatively using the Gaussian
290 fitting method (after background subtraction) and
291 given in Figure 5d (see also details of data analysis in
292 Supporting Information, S10). The significant change
293 in L3/L2 ratio at the core, in contrast to the small
294 change at the shell (within the range of error), again
295 shows the preferential electrochemical reaction at the
296 F-rich core.
297 Bulkmeasurements at electrode level, by X-ray pair-
298 distribution function (PDF) and NMR, showed similar
299 results, namely, transformation of rutile FeOxF2!x to

300LiF, Fe0, and rocksalt Li!Fe!O(-F) upon lithiation, and
301then reconversion into highly disordered F-rich rutile
302and rocksalt phases upon delithiation, which was also
303confirmed by electron-diffraction studies (see Support-
304ing Information, Figure S5).17 The phase separation
305of F-rich rutile and O-rich rocksalt, as confirmed by
306PDF-NMR study, is further confirmed by the observa-
307tion of chemical separation the F-rich core and the
308O-rich shell. However, only through local STEM-EELS
309analysis were we able to confirm that the major Fe
310species contained in the O-rich shell are electrochemi-
311cally inactive at voltages above 1.5 V, and the dominant
312redox reaction occurred at the core region (with
313transitions between Fe0/LiF mixed phase a the F-rich
314rutile phase).
315Local Structural Ordering. Lattice coherence was pre-
316viously reported in Fe0 nanocrystallites converted from
317FeF2 and FeF3.

7,29 To understand how this fascinating
318phenomenon was affected by O substitution, lattice
319images were taken from fully lithiated FeO0.7F1.3 sam-
320ples (Figure 6 F6). As shown in Figure 6a, there appears
321to be multiple fine crystallites, but interestingly, the
322corresponding fast Fourier transformation (FFT) image
323of the whole area (inset of Figure 6a) shows a highly
324periodic pattern (consistent to the projection of [111]
325zone axis of BCC-Fe0), instead of the ring-like patterns
326(that are characteristic of randomly oriented crys-
327tallites). The FFT patterns for those individual crystal-
328lites, displayed in Figure 6b!e, reveal that the struc-
329ture of these crystallites, either metallic Fe0 or the
330rocksalt phase Li!Fe!O(!F), are not identical, but

Figure 5. EELS spectra of Fe L2,3 edges recorded from the core (black) and shell (red) regions of FeO0.7F1.3 particles, at
(a) pristine, (b) lithiated, and (c) delithiated states and (d) corresponding Fe!L3/L2 ratio (see Figure S10 for data analysis).
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331 their crystallographic orientations are coherent. The
332 lattice coherency of crystallites converted from the
333 same FeO0.7F1.3 particle is commonly observed in
334 many different locations in the fully lithiated electrodes
335 (Supporting Information, Figure S11). The concentra-
336 tion of Fe0 in the converted FeOxF2!x is obviously lower
337 than that in FeF2 and in return, percolated network
338 appears to be formed with Fe0 fine crystallites and
339 rocksalt Li!Fe!O(!F) phase, as demonstrated by the
340 lattice coherency and interconnectionbetween the two.
341 In the lithiated FeF2 and FeF3, the interconnected
342 Fe0 is the only measurable crystalline phase.7,8,30 How-
343 ever, in the lithiated FeO0.7F1.3, metallic Fe0 (with the
344 body-center cubic; BCC structure) and the rocksalt
345 Li!Fe!O(!F) coexist inside individual particles.17

346 Therefore, it would be interesting to explore how the
347 two phases with different structures interface coher-
348 ently. Since detailed crystallographic information for
349 rocksalt Li!Fe!O(!F) is not available, the structure of
350 LiFeO2 (PDF#17-0938) is simply taken by assuming that
351 they have similar lattice parameters and atomic con-
352 figurations. The crystal structures of the BCC-Fe0 phase
353 (PDF#06-0696) and the rocksalt LiFeO2 are illustrated in
354 the Supporting Information, Figure S12. Their lattice
355 distances and bonding angles are comparable in the
356 (100) plane of the two phases (difference <3%). In
357 addition, the [001] direction of Fe0 and the [011] of
358 LiFeO2 are well matched. Hence, the two phases may
359 tend to share the interface coherently to reduce inter-
360 facial energy. The model of the atomic arrangement of
361 Fe along the (100) plane in the two phases is illustrated
362 in Figure 6f. The same atomic models are shown in
363 Figure S13 along [111] of the BCC-Fe0 phase (blue)
364 (being also equivalent to the [110] of the rocksalt
365 LiFeO2 (yellow)). The atomic arrangement is consistent
366 with the high-resolution ADF-STEM image in Figure 6a,
367 affording evidence of coherency among the particles
368 of these two different phases.
369 The local TEM studies were also complemented by
370 temperature dependent AC susceptibility measurements,

371wherein, the size of the magnetic domains in the fully
372lithiated electrodes (discharged to 1.5 V)was estimated
373using a similar procedure as we employed in studying
374FeF2.

7 Figure 7 F7gives both the real- and the imaginary-
375components of the susceptibility, revealing the pro-
376nounced maxima between 65 and 130 K, which shifts
377toward lower temperatures with the decrease of
378AC field frequency. The relative shift per decade
379of frequency expressed as ΔTb/TbΔ(log(ω)) = 0.07
380(Tb is the blocking temperature and ω = 2πf is
381the angular frequency) is typical of superpara-
382magnetic particles. Thus, we have attributed the low-
383temperature maxima of the ZFC curves to the forma-
384tion of superparamagnetic Fe particles and we used
385the relationship between the blocking temperature
386Tb and the particle volume V, Tb = KV/25kB (K is
387the magnetocrystalline energy and kB = 1.38 #
38810!16 erg K!1 is the Boltzmann constant), to estimate
389the particle size based on magnetic susceptibility.
390Assuming the magnetocrystalline constant K = 4.8 #
391105 erg cm!3 of metallic Fe0, and spherical particle
392shape, it came to a conclusion that the particle
393diameter varies from 9 nm at the end of the intercala-
394tion process to 11 nm at the end of discharge to 1.5 V,
395and this change is reversible upon charge. The results
396from magnetic measurements imply a larger sized
397particle than that measured by TEM (2!3 nm), which
398indicates that, similar to the FeF2 case, the particles in
399the lithiated FeO0.7F1.3 are not isolated but are
400interconnected.7 However, the lithiation process in
401FeO0.7F1.3 is more complicated, involving the forma-
402tion of metastable intercalated phase, which is sub-
403sequently decomposed into an O-rich rocksalt phase
404and LiF, even before the conversion to the Fe0, rock-
405salt Li!Fe!O(!F), and LiF occurs.16 The Li!Fe!
406O(!F) phase is expected to be magnetic; thus, the
407superparamagnetic particles may be composed of

Figure 6. Structural ordering in the fully lithiated FeO0.7F1.3:
(a) high-resolution ADF lattice image (inset, FFT pattern
obtained from whole area), and (b!e) FFT patterns
obtained from local regions as indicated by squares in (a).
(f) Atomic arrangement of rocksalt LiFeO2 and BCC-Fe0 in
the (100) plane (yellow, Fe; green, Li; red, O).

Figure 7. Determination of the size of the magnetic do-
mains in the fully lithiated electrodes by temperature
dependence of real (a) and imaginary (b) components of
AC susceptibility, measured at various frequencies.
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408 magnetically interacting rocksalt and metallic Fe0

409 phases. A recent study of small-angle X-ray scattering
410 and the pair-distribution function suggested that
411 metallic Fe0 particles converted from FeOxF2!x are
412 about 2!3 nm, which is consistent with our TEM
413 observation, but does not support the formation of
414 a percolated network.11 This may be explained by the
415 coexisting rocksalt phase between the Fe0 nanopar-
416 ticles (as being observed by TEM).
417 Therefore, a combination of the local lattice imag-
418 ing (within single particles) with the bulk magnetiza-
419 tion measurements (at electrode level) provides direct
420 evidence of the formation of a percolated network of
421 Li!Fe!O(!F) rocksalt and metallic Fe0, interwoven
422 spatially with high lattice coherency. This development
423 will facilitate the electron and ion transport required
424 for delithiation, which eventually turns them into new
425 rutile and rocksalt phases, at the core and shell,
426 respectively. The observation is consistent with the
427 recent report.18

428 Impact of O-Substitution on Electrochemical Cycling Stability.
429 Figure 8F8 shows a schematic illustration of the morpho-
430 logical and chemical evolution in a single FeO0.7F1.3
431 particle. The FeO0.7F1.3 particle, being initially single-
432 crystalline and encapsulated by thin O-rich shell in the
433 pristine state, was turned into a nanocomposite upon
434 lithiation, with metallic Fe0 crystallites and rocksalt
435 Li!Fe!O(!F), the latter being highly concentrated in
436 the surface layer. This reorganization is beneficial to
437 long cycling stability of FeO0.7F1.3, by reducing the
438 catalytic interaction of nanosized metallic particles
439 (i.e., Fe0) with the electrolyte, which is believed to be
440 the main reason underlying the decomposition of
441 the electrolyte on the particle's surface.31 Further, after
442 one cycle, the overall morphology and core!shell
443 structure of F-rich rutile core and O-rich rocksalt shell
444 are maintained (although the two phases became
445 highly disordered). Consequently, the F-rich core dom-
446 inantly participates in the electrochemical reaction,
447 while the O-rich shell is relatively stable upon cycling
448 to sustain the particle integrity (as revealed in Figure 2).
449 One important feature of the core!shell structure in
450 FeOxF2!x is the lattice coherency of the core and shell,
451 ensuring the integrity of the whole particle. This is

452distinctly different from the surface oxidized FeF3
453or fluorinated Fe3O4 (or Fe2O3) where a simple mix-
454ture of iron oxides/fluorides nanocomposites was
455formed.32!34

456The electrochemical reaction in FeOxF2!x differs
457from that in FeF2, wherein conversion is initiated at
458the surface and then gradually propagates into the
459bulk.8 The early intercalation (>2.0 V) prior to the
460conversion reaction may offer a facile pathway for Li
461transport. The surface O-rich layer is believed to be
462sustained once it transforms into the rocksalt struc-
463ture. The Li storage/release reaction in the rocksalt
464phase occurs reversibly (see Supporting Information,
465Figures S14 and S15), without destroying the particle
466morphology. As shown in Figure 1d, cycling stability
467would be enhanced significantly by the presence of
468this stable surface layer (as being verified by the
469measured performance in Figure 1d). There is also
470other beneficial impact of O substitution on the cycling
471stability of the electrodes. For example, the improved
472electronic conductivity of the O-rich oxyfluoride at the
473surface is expected to maintain a facile electron supply
474to the particle during cycling and so enhance electro-
475chemical activity.15 In addition, the disordered nature
476of the formed lithiated and delithiated phases (as
477examined by electron diffraction; Supporting Informa-
478tion, Figure S5) is also advantageous to improve the
479cycling stability. For the practical use as the cathode,
480lithium-containing electrodes may be made from
481nanocomposites of Li-containing species (e.g., LiF)
482and Fe!O!F compounds, using a similar method as
483demonstrated in FeF2/LiF electrodes.35 It is expected
484that the electrochemical properties of the nanocom-
485posite cathodes can be tuned by controlling the
486stoichiometry of the Fe!O!F compounds.

487CONCLUSION

488In this work, the STEM-EELS spectrum-imaging
489combined with magnetic measurements has been
490applied for studying local structural/chemical order-
491ing in FeO0.7F1.3 nanoparticles during the first cycle,
492providing new insights into the impact of mixed
493anions on the electrochemical reaction process.
494Due to heterogeneity in the structure, with an F-rich
495core and an O-rich shell, the conversion reaction
496preferentially occurs at the core, while a rocksalt
497phase is formed predominantly at the surface. In
498the fully lithiated electrodes, the formation of perco-
499lating network of Fe0 and rocksalt phase Li!Fe!
500O(!F) with high lattice coherency between the two
501may facilitate the electronic and ion transport re-
502quired for delithiation that leads to the rutile phase at
503the core and rocksalt at the shell. The relatively stable
504O-rich shell may prevent the direct interaction of the
505electrochemically active core with electrolyte, there-
506by enabling the mechanical and chemical stability of
507FeOxF2!x electrodes. Our finding, of encapsulating

Figure 8. Schematic illustration of structural/chemical or-
dering of FeO0.7F1.3 at (a) pristine rutile, F-rich at the core
and O-rich at the shell; (b) lithiated state, bcc-Fe0 (core) and
O-rich rocksalt predominately at the shell; and (c) de-
lithiated state, F-rich rutile (core), and O-rich rocksalt pre-
dominately at the shell.
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508 the conversion compounds with stable surface layer,
509 may offer a new strategy of developing high-energy,

510long-lasting conversion electrodes for lithium bat-
511teries.
512

513 EXPERIMENTAL SECTION
514 Synthesis and Electrochemical Cycling Test. FeO0.7F1.3 was pre-
515 pared by heat treatment of synthesized FeSiF6 3 6H2O in ambient
516 air, as reported previously.13 For the test of the electrochemical
517 cycling performance, electrodes were fabricated with 57.2 wt %
518 active nanocomposite (ball-milled with 15 wt % activated
519 carbon for 1h in He), 12.2 wt % carbon additive (SP, MMM),
520 30.5 wt % binder (2801, Alf Atochem) and plasticizer dibutyl
521 phtalate (Aldrich) in acetone. CR-2320 coin cells (Hohsen)
522 were assembled with lithium metal using glass-fiber separator
523 embedded in 1 M LiPF6 in ethylene carbonate (EC)/dimethyl
524 carbonate (DMC) 50:50 in vol %. The cells were cycled between
525 1.5 and 4.5 V at 50 mA g!1 at 60 !C.
526 STEM-EELSMeasurements. For STEM-EELS investigation, powder-
527 based electrodes (1:1mixture (in weight) of FeO0.7F1.3 and super-P
528 carbon black with no binder), without further treatment, were
529 used to sustain particle morphology. The assembled coin cells
530 were cycled at 10 mA g!1 at room temperature. The coin cells
531 were disassembled in the Ar-filled glovebox and the electrodes
532 were rinsed thoroughly using DMC solvent and then transferred
533 on to the TEM grids. The grids were then loaded onto a TEM
534 holder inside the glovebox, and sealed in anAr bag to protect the
535 samples during the transportation to the TEM room. The samples
536 were transferred to the TEM column within a few seconds, to
537 minimize their exposure to the air.
538 Annular-dark-field (ADF) images were collected from an
539 analytical TEM (JEOL 2100F) equipped with an ADF detector
540 (Gatan 806). An aberration-corrected STEM (Hitachi HD 2700C)
541 with a parallel EELS detector (Gatan Enfina-ER) was used to
542 obtain high-resolution ADF images (spatial resolution of 1 Å)
543 and EELS data (with an energy resolution of 0.35 eV). The STEM-
544 EELS element mapping was collected at a collection angle of
545 26.7 mrad and a dispersion of 1.25 eV per channel. Both TEMs
546 were operated at 200 kV. The possible electron beam damage
547 was tested and addressed for each samples, and measurement
548 condition was carefully optimized to minimize the radiation
549 damage (Supporting Information, S1).
550 Magnetic Characterization. The magnetic measurements were
551 performed on electrodes cycled to different stages. The elec-
552 trode preparation and cycling conditions were similar to those
553 described earlier.7 The cells were disassembled in the glovebox,
554 the retrieved electrodes were washed in DMC and dried under
555 vacuum, and the active materials were scraped into plastic
556 capsules sealed with vacuum grease to prevent air exposure.
557 A SQUID magnetometer (Quantum Design MPMS XL-5) was
558 employed to investigate the magnetic properties using the
559 following protocols. First, the remnant magnetic field was
560 quenched to less than 3 mOe using the ultralow field option,
561 the sample was cooled to 2 K, and at that temperature, the
562 magnetic field of 10 Oe was applied. Zero-field-cooled magne-
563 tizationwasmeasuredwhile heating the sample from2 to 400 K,
564 followed by field-cooled magnetization measurements in the
565 same field upon cooling of the sample from 400 to 2 K.
566 Magnetization curves were measured at 2 and 298 K in mag-
567 netic fields up to 5 T. The sample was zero-field-cooled before
568 the magnetization data at 2 K was taken. For the completely
569 lithiated sample, two additional tests were performed: AC
570 magnetic susceptibility was measured from 2 to 400 K after
571 zero-field cooling, AC fields of 4 Oe with frequencies from 10 to
572 10 000 Oe were used, and also, the magnetization curves were
573 measured at 2, 50, 100, 150, 200, 250, and 300 K in magnetic
574 fields up to 9 T using Quantum Design PPMS.
575 XRD/XAS Characterization. The synchrotron XRD data from as-
576 synthesized FeO0.7F1.3 were collected at beamline X14A of the
577 National Synchrotron Light Source (NSLS) by a linear position-
578 sensitive silicon detector (λ = 0.7747 Å). The XAS data (Fe
579 K-edge) were collected at beamline X18A, NSLS. The measure-
580 ments were performed in transmission mode using a Si (111)

581double-crystal monochromator. Energy calibration for the
582absorption edge was made using Fe foil as a reference (Fe
583K-edge: 7112 eV).
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