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R, BB SRR 2E, BAE AT
R, RO AE R A S B B, 4577 A 2 A0 R AT
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fE(>200 mAh/g) 1% DL B T4 Sy i TE 7 0 M T
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1 ANTES T M F(HTB)

20104F, Li% A CTE v (i 3 T B 1 IR O A 3R
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VSR | JFHE SR A 48548 1) 391 | 458 T 0 K 235 44 1) AR AR,

7 HLFG G0 1 S AR B A o . 5 — e ALK

x Vacuum (2 h)

< N>

Bl 1 (P8ORS (0) T 55— IR AR TRLVA - O RR 38U AL v ) 48 0 K 45 4 1 H T BAT FeF5-0.33H,011 75 5 #l. Reprinted with permission from

Ref. [6], Copyright © 2010 Wiley

Figure1l (Color online) Scheme of fabrication process of nanostructured HTB Fef;-0.33H,0 by ionic liquid based dissol ution-precipitation fluorina-
tion at low temperature. Reprinted with permission from Ref. [6], Copyright © 2010 Wiley
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B 2 (% R (0 ) HTB M FeFs0.33H,01 i {445 #4 ] . Reprinted
with permission from Ref. [7], Copyright © 2011 Wiley

Figure 2 (Color online) Crystaline structure of HTB FeF;:0.33H,0.
Reprinted with permission from Ref. [7], Copyright © 2011 Wiley
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I, RS PR X T E R RN I HTB
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25 BT R Y374 120, 100175 mAh/g([&13).
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WL, SunfkgT 41 M A B TR T iR S T
FeF3-0.33H ,O44 >k i ki 75 1 88 )7 44 K 14 A (graphene
nanosheet, GNS)Z [l i3 2] Jsifii 4= K, FeF3-0.33H,0/
GNSHE & R 7E0.1 CHY 1 % 75 it 15 51230 mAh/g, 40
CIMIESR A 74 mAhIg. ZRIFSY 4 S fiff VA F 3B
A, FETisE A K 6" FeFs0.33H,0, LILfE
B T KRR RIR =R, i s B E3 C
T 5123 mAh/g, 10 CHIKSA 4 101 mAh/g. Wangfif
58 4 M R R B O 1 1 45 (9 FeF4-0.33H,0, 7 5
15%(J & H 43 L) S BB BRES 5, A2 A FL K 7E 0.5
5 CF By i 25 43 9 16271137 mAh/g. At fiTk i
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B3 (MEHUR ) & 4 K HTBAHER AL I TE SR AN Ak 2. (a) SRR RN K A (SWNTS)BLZE 1 H T BAH FeFs-0.33H 048 KATURL ) 75 I H 1 i fi
B(TEM)E. (b) FeFs0.33H,OfR4S & & bl i B A5 R PERER. il B & HMTE 0.1 CFAIMEIFTERE. Reprinted with permission from

Ref. [8], Copyright © 2011 American Chemical Society

Figure 3 (Color online) Morphology and electrochemistry of hydrated HTB fluoride phase. (8) TEM image of HTB FeF;-0.33H,0 nanoparticles
wired by SWNTSs. (b) Rate performance of FeF;-0.33H,0-CNT composites as Li-storage cathode. Inset: cycling performance of corresponding compo-
site electrode at 0.1 C. Reprinted with permission from Ref. [8], Copyright © 2011 American Chemical Society
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FeFs-3H,OH [ it 3 45 Sk A e 2 2, (45 H /T 44
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R BRI K TR K. s ik
3 3 3 A R R ) R T HE SR B AR



Bt R

0 W h
o wo
P -

19
w
.

0 20 40 60 80 100 120 140 160
Capacity (mAh/g)

Potential vs. Na'/Na (V)

(b)

120 u(m(
o] t((«mmm(f«tt««((«tt«u««t(

0 b

Capacity (mAh/g)

10 15 20 25 30 35 40 45 50

Cycle number
Bl 4 (M4 iR ) i FeFs 3H ORI SE A< il £ 11 FeFs 0.33H ORI 5 2
B HUAE 0.1 CH A 78 B I 2K %] () A B4 RE T#] (b). Reprinted
with permission from Ref. [9], Copyright © 2013 American Chemical
Society
Figure 4 (Color online) Na-storage electrochemical curves (a) and
cycling performance (b) of FeF;-0.33H,O-CNT composite cathode (at
0.1 C) obtained from FeF3-3H,0 precursor based on top-down method.
Reprinted with permission from Ref. [9], Copyright © 2013 American
Chemical Society
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fEH, I XRDAEE | 5 X445 R (pair distribu-
tion function, PDF)/3# AN £ /K ii% (M Gssbauer spec-
troscopy) ik S T & 5 4 Fi i i FeXs0,(X H 0%, F Ef
OH) WY ik PDFJ5 it A 53 46 s 1o i i Hp T 7
FE AN K A A RN 43 ik 0 A 30 F B, il PDFAy
Br, &R Ak A HT BAH % A8 BTG 7 1Y) 4 20 A A RN
M, P — B B I R S B PRI Gk R 4 R Fefty
AR TEREIS R FTH R, T B A 40 A A E R A
I, T e A i S LB A L A 4 R S — .
Fichtnerff 55 41 24t %5F 7 45 &4 7K B9 HT B-FeFs Fl ik 5
Al A B0 (rGO) Y I G MBI e 4 SO ML ER R AT T
HIHT. HTB-FeFs/rGOTES5C i 6 31 HY 4 5 1 i FL 45
1 (400~450 mAh/g)FlHE 3 LOOYR 1 ¥4 Y HL Ak 24 B
P MATE IR, FEFER R, B YL Fel

L] v v Ll v Ll

s T [ I i .
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Capacity (mAh/g)

B 5 (M4mO @)K HTBAHER R LS AL k2. (8) MR/KHTBAHBURIAYSEM L. (b) BR4NKAE BO Lk A B /K HT BAH A9 A1 3R Sl 540 17 F
fb2# 12k 5] . Reprinted with permission from Ref. [11], Copyright © 2016 Royal Society Chemistry

Figure 5 (Color online) Morphology and electrochemistry of dehydrated HTB fluoride phase. (&) SEM image of dehydrated HTB phase. (b)
Li-driven conversion electrochemical curves of dehydrated HTB phase wired by CNTs. Reprinted with permission from Ref. [11], Copyright © 2016

Royal Society Chemistry
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TR /DA B RE i, i H Fe(NO3)s-9H,O7E = i
B AR BRI R E AL, ARPRUTTE RS A A, B
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Z BB T AR R MR BRI R,
PP K, TR BUEA A B RAEAIL T, iR
T A B O % THT B VR AR L SR A R ) R
ZH ], BB R S L B 0 SOk R T, X
R P 413 1 SR £ 40 A AR AT TR AR AR T & 5 L I 285
S, 2448 FHCromimBFR4AT, T 5 F A A9 fAH 4
EREME, I I A T VR AR Ak W A A S R R AR
TEALEE, M 15 35 1 53 7 1Y FeF3-0.5H,0 8. & K
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FeF30.5H OB A HIMAE 0.1 CIHRfkENFE R £ %], Reprinted with permission from Ref. [10], Copyright © 2013 American Chemical Society
Figure 6 (Color online) Structure and electrochemistry of pyrochlore fluoride phase. (a) Crystalline structure of pyrochlore FeF;:0.5H,0. (b) Struc-

ture scheme of open cavity in pyrochlore with hydration water molecule inside. (c) Na-storage electrochemical curves of FeF30.5H,O-CNT composite
cathode at 0.1 C. Reprinted with permission from Ref. [10], Copyright © 2013 American Chemical Society
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AR, T EORL 2 S TR AR W B2 s b, A T
WA PR A R fE. RIFATR A S H M
28 AGTBmMimBF, | & i #Y FeFs-0.5H,0 545 £ & 1) i
TERE, 7E0.1 CI 255 4 143 mAh/g, 300U 1A J5 4K
SRERFETE 114 mAN/g, TEIREEE 32 25 T T HEZRIH
TE (1) N 4 S M R A . SRm N, R
RETEHE AR LIRS RHE ML EEL, ComimBF,
N4 Y FeFs-0.5H,07E 0.1 CH A fifk 44 25 = 7] 35 250
mAh/g, 445K shHE s 1S 500 R B R A
HtERE.

B ilE, Chungfilf 5t 411202705 g 1 AH 90 K B0 %
Ak JF A A B I5 2], T8 R A HLk FeFs-0.5H,0-
rGO, 7£0.05 Ciif3k15266 mAh/ gl fiE il 2 &, b filim
i A PETEM, BEEUH 117 5 (SAED) LA B X I £ W
Wi (XANES) T A4 1) it 84 s i HLER 247 T FAE.
GEREI, MR E2 VI, B NaFF B f Fefi &
B, M L5 VI, XA Y FEREAATE, I EA
REH FLAE S5 44 1) TG P AL 4 M e AR fE T AR
NaF5 H i FefE4.2 VISR FAE, E314.5 VEFATH
K, N FeFsf55 . beskaMMIESnT 4 L2k
BRI A T BAR AL T L4, WenBIF 5T 20 2805 i 1%
NI PRSI T 43 2 R A FLES R B A Y B 4]
%, TR AL AL A LT, S T
200 mAh/ghy AT ¥ i B 25 5, 7E5 CHY B4 /58K ]
DL 2100 mAh/g. AT 1 4 FH I E R (ol eylamine)
VE R be sk A A RS /), 710 CH3K4% T 100
mAh/gZe 75 150 25 1 2. Wangfif 9t 20 BO7E B 1 Wik
X ek A A T 2 BRI R B B Lk, 1 H Ak BN
25 1 #£ 100 mA/g, SOURTE I 5 AR 4E+57F 115 mAh/g.

LR A A ) 45 7K 43 7 g WA iy 3 T v
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Figure 7 (Color online) Electrochemistry of amorphized fluoride phase. (8) Comparison of Li-storage discharge curves at GITT condition between
amorphous and pyrochlore phases. (b) Li-driven conversion electrochemical curves of amorphous-CNT composite cathode at 0.1 C. Inset: cycling

performance of corresponding composite electrode at 0.1 C. Reprinted with permission from Ref. [12], Copyright © 2013 Wiley
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Figure 8 (Color online) Scheme of fabricating TTB phase by solid state reaction and in-situ ball-milling using HTB phase as one of the precursors.
Reprinted with permission from Ref. [13], Copyright @2016 Royal Society Chemistry
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Iron fluoride is the key candidate of cathode materials for high capacity Li/Na based batteries, owing to high ionic-
ity of Fe—F and large theoretical capacity of fluoride. Exploring novel mineral phases of iron fluoride enables the
improvement of intrinsic ion/electron conductivity, decreasing the use of electrochemical non-active components. It
can lead to the activation of fluorides in terms of conversion reaction and large-sized cation (e.g., Na’) storage. This
paper summarizes the recent progress on exploring novel structure prototypes of energy storage iron fluorides by
module chemistry and open framework strategies, especially on hexagonal tungsten bronze (HTB), tetragonal tung-
sten bronze (TTB) and pyrochlore phases. These results address the important issues of fluorides on their poor
conductivity, high carbon wire content, low Li-insertion power density and low Na-storage energy density.

The HTB iron fluoride (FeF5-0.33H,0) is of tunnel structure, which is beneficial for the kinetic improvement and high
rate Li (de)insertion. Complete dehydration of HTB phase is enabled by enhancing the crystallinity of HTB and removing
its surface coating species. Pyrochlore iron fluoride of microporous framework (FeFz0.5H,0) is endowed with
interconnected three-dimensional (3D) open ion channels, enabling high reversible capacity of Na storage even under the
involvement of conversion reaction. In contrast to HTB phase, dehydrating more flexible pyrochlore phase would cause
serious amorphization (i.e., from topotactic densification of pyrochlore) however with the preservation of short-range
ordering. The dehydration of open framework fluorides remarkably improves the conversion capacity and its retention,
especialy with good maintenance of higher voltage intercalation region. lonic liquid based synthesis methods, e.g.,
dissolution-precipitation fluorination, ionothermal fluorination and solid-solid topotactic transformation in a top-down
way, are explored to prepare the HTB and pyrochlore phases. The ionic liquid residual at fluoride grain or carbon wire
surfaces allows an optimized ion/electron mixed conductive network based on the interaction with ionic liquid interlayer
as binder. By using thermally more stable K-ion as channel filler instead of H,O molecule, more robust iron fluoride of
TTB (KoeFeFs) with coexistence of Fe* and Fe** is achieved by either conventional solid state reaction or
mechanochemical method. TTB phase enables anear zero-strain reversible Na storage as cathode.

iron fluoride, open framework, pyrochlore phase, bronze phase, cathode material, Li/Na batteries, conversion
reaction
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