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High-quality Fe [Fe(CN)¢]; Nanocubes: Synthesis and Electrochemical Perform-
ance as Cathode Material for Aqueous Sodium-ion Battery
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(1. College of Materials Science and Engineering, Kunming University of Science and Technology, Kunming 650000, China;
2. Advanced Li-ion Battery Engineering Lab, Ningbo Institute of Materials Technology and Engineering, Chinese Academy of
Sciences, Ningbo 315201, China)
Abstract: High-quality Fe,[Fe(CN)4]; (HQ-FeHCF) nanocubes were synthesized by a simple hydrothermal method.
Its structure, morphology and water content are characterized. Fe,[Fe(CN)g]; exhibits regular cubic shape with a uni-
form size of ca. 500 nm, which belongs to the face-centered cubic phase. Fe,[Fe(CN)g]; shows discharge capacities of
124, 118, 105, 94, 83, 74 and 64 mAh-g’1 at 1C, 2C, 5C, 10C, 20C, 30C and 40C rate, respectively, in the aqueous
ternary electrolyte of NaClO,-H,O-Polyethylene glycol. Its capacity retention remains 100% after 500
charge/discharge cycles at the rate of 5C. The full battery with Fe,[Fe(CN)¢]; as cathode and NaTi,(PO,); as anode
was fabricated, which delivers a specific energy density of 126 Wh-kg ' (based on the active electrode materials) with
a voltage output of 1.9 V. Furthermore, 92% of its initial discharge capacity retains after 140 charge/discharge cycles at
arate of 5C, and its Coulomb efficiency is close to 100%.
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% 1 HQ-FeHCF BYJ XRD #8518
Table 1 Fractional coordinates of HQ-FeHCF
determined from Rietveld method

Weight / wt%
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(a) XRD patterns and (b)TG curves of HQ-FeHCF and LQ-FeHCF with inset in (a) showing crystal structure of HQ-FeHCF

% 2 LQ-FeHCF 8y XRD 1518 #iF
Table 2 Fractional coordinates of LQ-FeHCF
determined from Rietveld method

Atom Wyckoff position ~ x y  z Site occupancy Atom  Wyckoff position ~ x y  z Site occupancy
Fe, 4a 0.0000 O 0 0.9790 Fe, 4a 0.0000 0 0 0.8458
Fe, 4b 0.5000 0 0 0.8901 Fe, 4b 0.5000 0 0 0.6262
C 24e 0.2024 0 0 0.9771 C 24e 0.2260 0 O 0.8420
N 24e 0.2988 0 0 0.9771 N 24e 03275 0 O 0.8420
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K2 (a~b)HQ-FeHCF Fl(c~d)LQ-FeHCF f{] SEM & f
Fig. 2 SEM images of (a-b) HQ-FeHCF and (c-d) LQ-FeHCF

Kl 3  (a)HQ-FeHCF #(b)LQ-FeHCF ] TEM &}
Fig. 3 TEM images of (a) HQ-FeHCF and (b) LQ-FeHCF
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Fig. 4 (a) Cyclic voltammogram (CV) curves of HQ-FeHCF and LQ-FeHCF at the sweep rate of 1 mV-s ™" in the
electrolyte of Na-H,O-PEG; (b) Charge and discharge curves of HQ-FeHCF and LQ-FeHCF at 1C;

(c) Rate performance of HQ-FeHCF and LQ-FeHCF; (d) Cycling performance of HQ-FeHCF and LQ-FeHCF
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Fig. 8 (a) Cyclic voltammogram (CV) curves of HQ-FeHCF and NaTi,(PO,) at the sweep rate of 1 mV-s' in the
electrolyte of Na-H,0-PEG; (b) Galvanostatic charge-discharge profiles at 1C for full cell, cathode, and anode
in the electrolyte of Na-H,O-PEG; (c) Rate performance and (d) cycling performance of full cell
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Table 3 Energy density of different aqueous
sodium-ion batteries

Energy
Cathode Anode density/ Ref.
(Whkg™)

Nag 44MnO, NaTiy(POy); 33 [39]
Na,Ni[Fe(CN)g] NaTiy(POy,)s; 43 [13]
Na,Cu[Fe(CN)¢] NaTiy(POy,); 48 [40]

NaMnO, NaTiy(POy); 30 [12]

Ky 27MnO, NaTiy(POy); 55 [41]

NaFePO, NaTiy(POy); 61 [42]

Na,VTi(POy,); NaTiy(POy); 68 [43]

Na;MnTi(PO,); NaTiy(POy,)s 82 [44]

Nag ssMngesTio3402  NaTix(POy)3 76 [45]

Na,Nig 4Cog¢[Fe(CN)g] NaTiy(PO,)s3 121 [46]
Fey[Fe(CN)ls NaTiy(POy); 126 This work

3 it

AT 5 I 1 B SR K AL, A R
R KB H Fes[Fe(CN)ols 40K KE. XRD it
gk R M RN 0L T (fee) 454, J& T Fm—-3m =%
] S, SEM Al TEM %5 REKH, Brapitn
Fes[Fe(CN)ols &5 dnthA e, Ak 5 B0 i 5707 1k &5
1, K4 500 nm, PPERIDGHE 5] H o)™ =i
FUIR G o A LG AR G0 07 4 BRI T 3 Feg[Fe(CN)gls,
AILE ) Fea[Fe(CN)ols A &b 128 Ar sk F B
W T AR S K, N2 A BB L 7 1
HALSEPERE: 1C R P LA ERIE 124 mAh-g ',
2C. 5C. 10C. 20C. 30C f140C {5 R T LLE RS
W2y 124, 118, 105. 94. 83. 74 Al 64 mAh-g ',
PR R RS, B SC 5 RIG3F 500 Ik, A=
TRFF R 100%, RILHRAERTER R E . DL
Fea[Fe(CN)gls FHBARREREN 73 il Ay 1E A7 6 1) 4 FRLB 1)
TARHERE 1.9V, EE%EAA#] 126 Whkg '
16 5C 53R N IEHR FE L 140 5 4 Eih B R AR R
N 92%, HIERRCREEL 100%., PLUXFPIA R, (H5E
MITHE G I Fea[Fe(CN)ols A K RANE 7 H
M AR A

S Hk:

[1] CHEN L, SHAO H Z, ZHOU X F, et al. Water-mediated cation in-
tercalation of open-framework indium hexacyanoferrate with high
voltage and fast kinetics. Nature Communications, 2016, 7: 11982.

[2] ZHANG LY, CHEN L, ZHOU X F, et al. Towards high-voltage
aqueous metal-ion batteries beyond 1.5 V: the zinc/zinc hexacyan-
oferrate system. Advanced Energy Materials, 2015, 5(2): 1400930.

[3]

(4]

(3]

(6]

[7]

[8]

[

[10]

(1]

[12]

[14]

[15]

[18]

[19]

[20]

(21]

[22]

ZU C X, LI H. Thermodynamic analysis on energy densities of
batteries. Energy & Environmental Science, 2011, 4(8): 2614-2624.
SUO LM, HUY S, LI H, et al. A new class of solvent-in-salt elec-
trolyte for high-energy rechargeable metallic lithium batteries. Na-
ture Communications, 2013, 4: 1481.

SUO L M, BORODIN O, GAO T, ef al. "Water-in-salt" electrolyte
enables high-voltage aqueous lithium-ion chemistries. Science,
2015, 350(6263): 938-943.

YAN J, WANG J, LIU H, et al. Rechargeable hybrid aqueous bat-
teries. Journal of Power Sources, 2012, 216: 222-226.

WANG Y G, YIJ, XIA'Y Y. Recent progress in aqueous lithium-
ion batteries. Advanced Energy Materials, 2012, 2(7): 830-840.
LUO J Y, CUI W J, HE P, et al. Raising the cycling stability of
aqueous lithium-ion batteries by eliminating oxygen in the elec-
trolyte. Nature Chemistry, 2010, 2(9): 760-765.

LUOJY, XIAY Y. Aqueous lithium-ion battery LiTi,(PO4)y/LiMn,O4
with high power and energy densities as well as superior cycling
stability. Advanced Functional Materials, 2007, 17(18): 3877-3884.
WANG Y G, LOU J Y, WU W, et al. Hybrid aqueous energy stor-
age cells using activated carbon and lithium-ion intercalated com-
pounds III capacity fading mechanism of LiCo;;Ni;sMn,;;0, at
different pH electrolyte solutions. Journal of the Electrochemical
Society, 2007, 154(3): A228—A234.

KIM D J, JUNG Y H, BHARATHI K K, ef al. An aqueous sodium
ion hybrid battery incorporating an organic compound and a Prus-
sian blue derivative. Advanced Energy Materials, 2014, 4(12):
1400133.

HOU Z G, LI X N, LIANG J W, et al. An aqueous rechargeable
sodium ion battery based on a NaMnO,-NaTi,(POy); hybrid system
for stationary energy storage. Journal of Materials Chemistry A,
2015, 3(4): 1400-1404.

WU XY, CAOY L, ATl X P, et al. A low-cost and environmentally
benign aqueous rechargeable sodium-ion battery based on
NaTi,(PO,);-Na,NiFe(CN)g intercalation chemistry. Electrochem-
istry Communications, 2013, 31: 145-148.

SUN X Q, DUFFORT V, MEHDI B L, et al. Investigation of the
mechanism of Mg insertion in birnessite in nonaqueous and aque-
ous rechargeable Mg-ion batteries. Chemistry of Materials, 2016,
28(2): 534-542.

CHENG Y W, LUO L L, ZHONG L, et al. Highly reversible
zinc-ion intercalation into chevrel phase MosSs nanocubes and ap-
plications for advanced zinc-ion batteries. ACS Applied Materials
& Interfaces, 2016, 8(22): 13673-13677.

TROCOLI R, LA MANTIA F. An aqueous zinc-ion battery based
on copper hexacyanoferrate. ChemSusChem, 2015, 8(3): 481-485.
XU CJ, LI B H, DU H D, et al. Energetic zinc ion chemistry: the
rechargeable zinc ion battery. Angewandte Chemie-International
Edition, 2012, 51(4): 933-935.

WANG X W, WANG F X, WANG L Y, ef al. An aqueous re-
chargeable Zn//Co;0, battery with high energy density and good
cycling behavior. Advanced Materials, 2016, 28(24): 4904—4911.
LIU Z, PULLETIKURTHI G, ENDRES F. A prussian blue/zinc
secondary battery with a bio-ionic liquid-water mixture as electro-
lyte. ACS Applied Materials & Interfaces, 2016, 8(19): 12158 12164.
ZHAO J W, LI Y Q, PENG X, et al
Zn/LiMn,sFe,,PO, aqueous rechargeable battery by virtue of "water-

High-voltage

in-salt" electrolyte. Electrochemistry Communications, 2016, 69:
6-10.

LU K, SONG B, ZHANG J T, et al. A rechargeable Na-Zn hybrid
aqueous battery fabricated with nickel hexacyanoferrate and
nanostructured zinc. Journal of Power Sources, 2016, 321: 257-263.
HU P, WANG T S, ZHAO J W, et al. Ultrafast alkaline Ni/Zn bat-



1308

WL MR

i ¥ 345

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

tery based on Ni-foam-supported Ni;S, nanosheets. ACS Applied
Materials & Interfaces, 2015, 7(48): 26396-26399.

KE L L, DONG J, LIN B, et al. A NaV3(PO,);@C hierarchical
nanofiber in high alignment: exploring a novel high-performance
anode for aqueous rechargeable sodium batteries. Nanoscale, 2017,
9(12): 4183-4190.

WU X Y, SUN M Y, GUO S M, et al. Vacancy-free prussian blue
nanocrystals with high capacity and superior cyclability for aque-
ous sodium-ion batteries. ChemNanoMat, 2015, 1(3): 188—-193.
YUAN S, ZHU Y H, LI W, ef al. Surfactant-free aqueous synthesis
of pure single-crystalline SnSe nanosheet clusters as anode for
high energy-and power-density sodium-ion batteries. Advanced
Materials, 2017, 29(4): 6.

JIANG P, SHAO H Z, CHEN L, et al. Ion-selective copper hexa-
cyanoferrate  with an open-framework structure enables
high-voltage aqueous mixed-ion batteries. Journal of Materials
Chemistry 4,2017, 5(32): 16740-16747.

LU Y H, WANG L, CHENG J G, et al. Prussian blue: a new
framework of electrode materials for sodium batteries. Chemical
Communications, 2012, 48(52): 6544-6546.

YOUY, YU X Q, YIN Y X, et al. Sodium iron hexacyanoferrate
with high Na content as a Na-rich cathode material for Na-ion bat-
teries. Nano Research, 2015, 8(1): 117-128.

WESSELLS C D, HUGGINS R A, CUI Y. Copper hexacyanofer-
rate battery electrodes with long cycle life and high power. Nature
Communications, 2011, 2: 550.

WANG L, LU Y H, LIU J, et al. A superior low-cost cathode for a
Na-ion battery. Angewandte Chemie-International Edition, 2013,
52(7): 1964-1967.

YOU Y, WU X L, YIN Y X, ef al. High-quality prussian blue crys-
tals as superior cathode materials for room-temperature sodium-ion
batteries. Energy & Environmental Science, 2014, 7(5): 1643-1647.
YUE Y F, BINDER A J, GUO B K, et al. Mesoporous prussian
blue analogues: template-free synthesis and sodium-ion battery ap-
plications. Angewandte Chemie-International Edition, 2014, 53(12):
3134-3137.

WESSELLS C D, PEDDADA S V, HUGGINS R A, et al. Nickel
hexacyanoferrate nanoparticle electrodes for aqueous sodium and
potassium ion batteries. Nano Letters, 2011, 11(12): 5421-5425.
ZHANG L, WU H B, MADHAVI S, et al. Formation of Fe;O3; mi-
croboxes with hierarchical shell structures from metal-organic

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

frameworks and their lithium storage properties. Journal of the
American Chemical Society, 2012, 134(42): 17388-17391.

WU X Y, LUO Y, SUN M Y, et al. Low-defect prussian blue
nanocubes as high capacity and long life cathodes for aqueous
Na-ion batteries. Nano Energy, 2015, 13: 117-123.

WU X Y, WU C H, WEI C X, et al. Highly crystallized
Na,CoFe(CN)s with suppressed lattice defects as superior cathode
material for sodium-ion batteries. ACS Applied Materials & Inter-

faces, 2016, 8(8): 5393-5399.

PADIGI P, THIEBES J, SWAN M, et al. Prussian green: a high
rate capacity cathode for potassium ion batteries. Electrochimica
Acta, 2015, 166: 32-39.

YANG D Z, XU J, LIAO X Z, et al. Prussian blue without coordi-
nated water as a superior cathode for sodium-ion batteries. Chemi-
cal Communications, 2015, 51(38): 8181-8184.

LI Z, YOUNG D, XIANG K, et al. Towards high power high en-
ergy aqueous sodium-ion batteries: the NaTi,(PO4);/Nag4sMnO,
system. Advanced Energy Materials, 2013, 3(3): 290-294.

WU X Y, SUN M Y, SHEN Y F, et al. Energetic aqueous recharge-
able sodium-ion battery based on Na,CuFe(CN)s-NaTi,(PO,); interca-
lation chemistry. ChemSusChem, 2014, 7(2): 407—411.

LIU Y, QIAO Y, ZHANG W X, et al. High-performance aqueous
sodium-ion batteries with Ky,7MnO, cathode and their sodium
storage mechanism. Nano Energy, 2014, 5: 97-104.
FERNANDEZ-ROPERO A J, SAUREL D, ACEBEDO B, et al.
Electrochemical characterization of NaFePO, as positive electrode
in aqueous sodium-ion batteries. Journal of Power Sources, 2015,
291: 40-45.

WANG H B, ZHANG T R, CHEN C, et al. High-performance
aqueous symmetric sodium-ion battery using NASICON-structured
Na,VTi(PO,);. Nano Research, 2018, 11(1): 490—498.

GAO H C, GOODENOUGH J B. An aqueous symmetric sodium-
ion battery with NASICON-structured Na;MnTi(PO,);. Angewandte
Chemie-International Edition, 2016, 55(41): 12768—12772.
WANG Y S, MU L Q, LIU J, ef al. A novel high capacity positive
electrode material with tunnel-type structure for aqueous sodium-
ion batteries. Advanced Energy Materials, 2015, 5(22): 8.

LI W F, ZHANG F, XIANG X D, et al. Electrochemical properties
and redox mechanism of Na,Niy4CogsFe(CN)s nanocrystallites as
high-capacity cathode for aqueous sodium-ion batteries. Journal of
Physical Chemistry C,2017,121(50): 27805-27812.



