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Hierarchical Porous Hollow FeFe(CN)6 Nanospheres Wrapped by I-
Doped Graphene as Anode Materials for Lithium-ion Batteries
Zhengxin Rena, Die Hua, Xiannan Zhanga, Dan Liua,b*, Cheng Wanga*

Hierarchical porous hollow FeFe(CN)6 nanospheres were synthesized via a facile anisotropic chemical etching route under 
different temperature. Herein, we integrated these FeFe(CN)6 nanospheres and conductive iodine-doped graphene (IG) into 
lithium-ion batteries (LIBs) system, FeFe(CN)6@IG. The hollow Prussian-blue type FeFe(CN)6 nanospheres with average 
particle size of 230 nm are uniformly and tightly encapsulated by IG sheets. As an anode material for LIBs, the fabricated 
FeFe(CN)6@IG exhibits high specific capacity, excellent rate property, and superior cycling stability. A reversible capacity can 
be maintained at 709 mAh g-1 after 250 cycles at a current density of 1000 mA g-1. Even at a current rate of 2000 mA g-1, the 
capacity could reach 473 mAh g-1. This facile fabrication strategy may pave the way for constructing  high performance 
Prussian blue-based anode materials for potential application in advanced lithium-ion batteries.

Introduction
Along with the fast development of intelligent robots and 

electric vehicles, lithium-ion batteries (LIBs), commercialized in 
1991, have been widely used as the main energy sources.1-5 
Currently, in LIBs, graphite consists of one of the main electrode 
materials and encounters limitations in practical applications, 
especially in electric vehicles, due to its relatively low capacity 
(372 mAh g−1 for LiC6).6,7 Energy density of LIBs still need to be 
further enhanced by improving specific capacity and enlarging 
working voltage of electrodes, which require high lithiation 
capability and low polarization capability. Therefore, searching 
for alternative electrode materials has attracted widespread 
attention. 

Owing to their unique structural features and intriguing 
properties, hollow micro/nanostructures with diverse 
hierarchical architectures have gained much attention in many 
aspects of electrochemistry such as fuel cells, supercapacitors, 
and LIBs.8-10 The enhanced electrochemical performance of 
hollow-structured micro/nanomaterials is attributed to, at least 
partially, their high surface area and surface to volume ratio. It 
has been reported that the voids inside hollow nanoparticles 
can not only provide more space to accommodate volume 
changes during charge/discharge but also shorten the Li+ 
diffusion distance, which lead to less overpotentials and faster 
reaction kinetics at the electrode surface.11,12 In the past 
decade, different types of hollow structures including hollow 

spheres,13-15 boxes and micro-/nanotubes16,17 have been 
successfully synthesized through different synthetic routes. 
Among them, hollow spheres with open three-dimensional (3D) 
architectures have provoked ever-increasing attention, and are 
the most promising structure for the anode of LIBs. Usually, 
hollow spheres are prepared from spherical-particle templates, 
such as silica colloids,18,19 polystyrene beads,20-24 inorganic 
particles,25-29 followed by the removal of the sacrificial core 
through calcination or/and solvent etching. These template 
methods are tedious and poor in reproducible since it is rather 
difficult to retain the original ordered structures after removing 
the templates. Recently, Lou et al. reported a structure-induced 
anisotropic chemical etching method to transform Ni-Co based 
Prussian-blue analogues (hereafter denoted as PBAs) 
nanocubes into well-defined cubic NiS nanoframes.30 Taking 
advantage of the different chemical stability by location in the 
nanocubes, complicated hollow structures were formed in the 
subsequent chemical etching process. With intrinsic structural 
merits, including 3D hollow, porous structure, small 
nanoparticle size, and good structural robustness, the as-
prepared NiS nanoframes exhibited enhanced electrochemical 
properties for electrochemical capacitors and hydrogen 
evolution reaction in an alkaline electrolyte.

Metal-organic frameworks (MOFs), a new class of organic-
inorganic hybrid functional materials with high porosity, large 
surface area and morphology can be easily tuned upon selection 
of different metal cations and organic bridging ligands.31-33 As a 
subclass of MOFs, PBAs with the formula of Mx[Fe(CN)6]y (M = 
Fe, V, Mn, Co, Ni, and Cu) can be synthesized with uniform size, 
various composition, diverse morphology and architecture.34-37 
The crystal structure of FeFe(CN)6 consists of a three-
dimensional network of Fe1-N≡C-Fe2 chains (Figure S1), where 
the Fe1 are 6-fold coordinated to nitrogen atoms and the Fe2 
are octahedrally surrounded by carbon atoms of the CN- ligands. 
So far, nanostructured PBAs materials have been extensively 
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investigated as precursors/templates to develop new functional 
nanomaterials with hollow or porous structures. In addition, 
PBAs themselves have recently exhibited many interesting 
physicochemical properties, making them be widely applied in 
cathode or anode materials for LIBs. As cathode materials, 
nanosized Fe4[Fe(CN)6]3 and cubic FeFe(CN)6 deliver reversible 
capacities of 95 mAh g-1 and 138 mAh g-1, respectively.38 Besides 
cathode, PBAs can be also used as anode materials for LIBs. 
MII

3[CoIII(CN)6]2 nH2O (M= Co, Mn), a typical PBA, can deliver a 
reversible capacity of 299.1 mAh g-1, and possess good capacity 
retention with increased current densities as a result of rapid Li+ 

transport through large channels in the open-framework.39 
Even though, these materials suffer from poor cycling stability 
and low columbic efficiency (<90%), which hinder their 
commercial applications for LIBs. In fact, these problems are not 
originated from the intrinsic electrochemistry of the PBAs but 
are mostly brought about from their low electrical conductivity 
and rapid capacity fading during the cyclic process. Therefore, 
PBAs with high electrical conductivity and stability are desired 
to be used as electrode materials for LIBs.

Graphene has shown many intriguing properties, including 
superior electrical conductivity, a large surface area, and high 
chemical stability, and has arisen considerable interest in the 
field of LIBs.40 Theoretical calculations have shown that the 
introduction of heteroatoms (e.g., B, N, P and S) into sp2-
hybridized carbon frameworks in graphene is very effective in 
improving their electrochemical performance.41-44 Specifically, 
iodine-doped graphene (IG) has been reported to increase 
positive charge density on the graphene through surface charge 
transfer because of the formation of triiodide (I3−) and 
pentaiodide (I5−) polyanions.45 IG possesses a substantial 
number of electrochemical active sites and enhanced electrical 
conductivity. These motivate us to combine hollow PBAs 
nanospheres with IG and investigate their potential applications 
in LIBs. Herein, hierarchical spheres with hollow interiors 
composed of FeFe(CN)6 were successfully synthesized via a 
facile anisotropic chemical etching route under different 
temperature. Then they were integrated with conductive IG to 
give FeFe(CN)6@IG. Electrochemical measurements 
demonstrate that, as a new anode material, FeFe(CN)6@IG 
composite demonstrates prominent charge/discharge 
capacities of 715.2/709.5 mA h g−1 after 250 cycles at 1000 mA 
g-1 and 449.9/448.0 mA h g−1 after 300 cycles at a high current 
density of 2000 mA g-1. 

Experimental
Synthesis of Iodine-Doped Graphene (IG)
Graphene oxide (GO) was prepared from graphite flakes 
according to the modified Hummers method.46 Iodine-doped 
Graphene was prepared following a reported protocol.45 Briefly, 
GO and I2 were first ultrasonically dispersed in ethanol for 60 
min. The resultant suspension was spreaded onto a petri dish 
and dried at 25 °C to form a uniform solid mixture. The mixture 
was placed into a quartz tube and annealed under argon at 900 
°C for 120 min. After cooling down to room temperature 
naturally in the same atmosphere, IG was obtained.

Synthesis of hierarchical porous hollow FeFe(CN)6 nanospheres 
with contrasting porosities
Synthesis of FeFe(CN)6-80 nanospheres: 3.00 g PVP and 138.2 
mg K3[Fe(CN)6] were added to a 100 ml beaker containing 52.5 
mL 0.5 M HCl solution under magnetic stirring. After 60 min of 
stirring, a pale yellow solution was formed and transferred to a 
100 ml flask. Then, the flask was placed into a water bath and 
heated at 80 °C for 24 h under magnetic stirring. The 
precipitates were collected by centrifugation, washed several 
times by distilled water and ethanol, and dried at 60 °C for 12 h. 
FeFe(CN)6-80 nanospheres were obtained as precursors for 
subsequent etching treatment.
Synthesis of hierarchical porous hollow FeFe(CN)6-100 and 
FeFe(CN)6-120 nanospheres: Briefly, 35.0 mg FeFe(CN)6-80 and 
100 mg PVP were added into 30 ml of 1.0 M HCl solution, which 
was then kept in a tightly sealed stainless autoclave and heated 
at 100 °C for 5 h in an electric oven. The stainless autoclave was 
left to cool down to room temperature. The blue product, 
FeFe(CN)6-100 nanospheres, was collected via centrifugation 
and washed thoroughly with ultra-pure water, before drying at 
60 °C overnight. FeFe(CN)6-120 nanospheres were obtained in a 
similar manner by etching treatment at 120 °C.
Synthesis of the FeFe(CN)6@IG
15 mg IG and 75 mg PBAs precursor (FeFe(CN)6-80 or FeFe(CN)6-
100 or FeFe(CN)6-120) were ultrasonically dispersed in 30 mL 
H2O. After freeze-drying for 48 h, the loose navy blue powders 
(FeFe(CN)6-80@IG or FeFe(CN)6-100@IG or FeFe(CN)6-120@IG) 
were obtained.
Materials characterizations
The X-ray diffraction (XRD) patterns were obtained on Rigaku 
D/Max III diffractometer with CuK radiation, λ=1.5418 Å). The 
scanning electron microscopy was performed on Verios 460L 
(FEI, America) scanning electron microscope. The transmission 
electron microscopy (TEM) was performed on a Tecnai G2 Spirit 
TWIN (FEI, America). FTIR spectra using KBr pellets were 
recorded on a PerkinElmer Frontier Mid-IR FTIR 
spectrometer from 400-4000 cm-1. Raman spectroscopy was 
performed on a Renishaw inVia spectrometer in the 
wavenumber range of 400-4000 cm-1 using 514.5 nm laser. The 
surface areas of these samples were determined through N2 
adsorption/desorption isotherms collected at 77 K 
(Quantachrome iQ-MP gas adsorption analyzer). The surface 
chemical compositions of these samples were characterized on 
X-ray photoelectron spectroscopy (XPS, Thermo Scientific 
ESCALAB 250Xi).
Electrochemical measurements
For electrochemical tests, the working electrodes were 
prepared with active materials (FeFe(CN)6@IG), acetylene black 
(AB), and polyvinylidene fluoride (PVDF) at the weight ratio of 
80: 10: 10. In the test cells, the lithium serves as the counter and 
reference electrode, Celgard 2400 membrane was used as the 
separator. The electrolyte is 1.0M LiPF6 dissolved in a 1: 1: 1 
mixture of ethylene carbonate (EC), ethylene methyl carbonate 
(EMC) and dimethyl carbonate (DMC). The cells were assembled 
in a glove box filled with high-purity argon. The 
discharge/charge measurements were conducted at a voltage 
interval of 0.001 to 3.0 V at room temperature. Electrochemical 
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impedance spectroscopy (EIS) was taken by using an IM6e 
electrochemical workstation at 25 °C in the frequency range 
from 10 kHz to 100 mHz and an AC signal of 5 mV in amplitude 
as the perturbation. Cyclic voltammetry (CV) tests were 
performed using a CHI 760E electrochemical workstation at 1 
mV s-1 between 0.001 and 3.0 V.

Results and discussion
As shown in Figure S2, different morphology of FeFe(CN)6 

nanostructures including nanocubes, a mixture of nanocubes 
and nanospheres, and nanospheres were prepared at 80 °C 
under similar conditions by varying the concentration of HCl 
solution from 0.05M to 0.2 M and 0.5 M. To obtain more porous 
FeFe(CN)6 nanospheres, FeFe(CN)6 nanospheres obtained at 80 
°C with the presence of 0.5 M HCl solution were subjected to 
further heat treatment at higher temperature (100 °C and 120 
°C) and concentration of HCl (1.0 M). The morphologies of 
resultant various FeFe(CN)6 nanospheres were observed under 
both scanning electron microscopy (SEM) and transmission 
electron microscope (TEM). The primitive FeFe(CN)6-80 
nanospheres precursors are highly uniform with a rather 
smooth surface and an average size of 250 nm (Figure 1a, 1d 

and 1g). All diffraction peaks of the precursor in the X-ray 
diffraction (XRD) pattern (see Figure S3, Supporting 
Information) could be indexed to typical FeFe(CN)6 (JCPDS Card 
No. 01-0239).47 After etchings at different temperature, XRD 
analysis shows that the crystal phase of the particles was not 
altered. It should be pointed out here the peak intensities in the 
XRD pattern increase after 120 °C etching. With the increase of 
etching temperature, the roughness of the surface became 
more apparent as shown in Figure 1b and 1c. The sizes of the 
nanospheres are slightly reduced to ≈230 nm. Energy-dispersive 
spectroscopy (EDS) mapping (see Figure S4, Supporting 
Information) indicates the even distribution of Fe, C, and N in 
the FeFe(CN)6-100 heterostructure. The validity of the etching 
process could be further confirmed from TEM observations. 
After etching at 100 °C, the surface of these particles became 
noticeably rougher (Figure 1e and 1h) while the overall 
nanospherical shape was retained. Along with this, some large 
pores were produced upon etching as revealed by much 
brighter contrast difference throughout the whole particle 
(Figure 1h). When the etching temperature was increased to 
120 °C, the morphology was changed slightly into a flower-like 
structure (Figure 1f and1i). Figure S5 shows the N2 adsorption-
desorption isotherm curves for FeFe(CN)6-80, FeFe(CN)6-100 

Figure 1 SEM (a-c) and TEM (d-i) images of the FeFe(CN)6-80 (a, d, g), FeFe(CN)6-100 (b, e, h), FeFe(CN)6-120 (c, f, i).
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and FeFe(CN)6-120 prepared under different etching 
temperature (80, 100, and 120 °C). The pristine FeFe(CN)6-80 
nanospheres only had a surface area as low as 88.66 m2 g-1. 
After etching at 100 °C and 120 °C, the surface areas were 
increased to 367.76 and 130.50 m2 g-1 for FeFe(CN)6-100 and 
FeFe(CN)6-120, respectively. We further calculated the pore 
volume of these three samples, among which FeFe(CN)6-100 
showed the largest pore volume as high as 0.433 cm3 g−1. On the 
contrary, pristine FeFe(CN)6-80 and FeFe(CN)6-120 had pore 
volumes of 0.148 cm3 g-1 and 0.230 cm3 g-1, respectively These 
results indicate that the etching temperature has a significant  
effect on the degree of etching of FeFe(CN)6 nanospheres. 

The morphology of the highly crumpled IG sheets and 
FeFe(CN)6-100@IG were examined by SEM and TEM. Figure 2a 
confirms that the IG sheets display a fluffy and corrugated 
morphology with more wrinkles and folded regions. IG sheets 
are highly crumpled, maintain their two-dimensional (2D) 
structure (Figure 2d) and randomly aggregate to form a 
disordered solid. The IG forms a continuous network with the 
encapsulation of FeFe(CN)6-100 nanospheres (Figure 2b and 
2c). This observation is also consistent with the TEM results. The 
porous spherical FeFe(CN)6-100 particles reside on the IG layer 
as revealed by the magnified TEM image (Figure 2e and 2f). Such 
dispersion could enhance the conductivity and alleviate the 
volumetric strain of FeFe(CN)6-100 nanospheres, 
simultaneously. Furthermore, compared with graphene 
wrapping metal oxide/sulfide composites,48,49 the plane-to-
point intimate contact between layered FeFe(CN)6-100@IG 
composite forms a highly interconnected conductive network, 
which is beneficial to increase the electrical conductivity of the 
whole composite as well as the rate performance. 

Figure S6a shows the Raman spectra of the obtained I-doped 
graphene and FeFe(CN)6-100@IG. I-doped graphene shows two 
distinct peaks of D band (1357 cm-1) and G band (1588 cm-1) as 
well as a weak 2D band (2590-3060 cm-1).46 The D and G band 
are attributed to the defects in the crystal structure and the sp2-
hyhbrized graphitic structure, respectively. It is calculated that 
the D/G intensity ratio (ID/IG) of the I-doped graphene is about 
1.10. Due to the edge distortion and cracking during the doping 
progress, it is believed that the carbon lattice structure of I-
doped graphene is more disordered than primitive graphene.45 
A high ID/IG band intensity ratio indicates the existence of large 

amounts of defects and the occurrence of higher doping of 
graphene by Iodine atoms .45 Iodine-doped graphene (IG) could 
induce the formation of pentaiodide (I5

-) and triiodide (I3
-) 

polyanions, which increase the positive charge density on the 
graphene through surface charge transfer, thus Iodine-doped 
graphene (IG) possesses enhanced electrical conductivity.50 
Furthermore, halogen atom-doped graphene can improve the 
stability and capacity of LIBs because of their excellent 
electrochemical performance.51 

The successful application of the FeFe(CN)6@IG as an anode 
is evident from the excellent electrochemical performance of 
the LIBs. Figure 3a shows the first four cyclic voltammogram 
(CV) curves of the FeFe(CN)6-100&IG electrode at room 
temperature between 0.001 and 3.0 V at a scan rate of 1 mV s-

1. The FeFe(CN)6@IG anode displays distinct discharge plateaus 
at 1.6 V, implying the reduction of Fe3+ ions coordinated to C 
and N atoms along with the Li insertion for charge balance in 
the FeFe(CN)6 lattice. For the first discharge cycle, a strong peak 
is observed at 0.45 V, which could be attributed to the side 
reactions occurred on the solid-electrolyte interphase (SEI) film 
formed on the electrode surfaces.39 From the second cycle 
onwards, the CV curves almost overlapped, indicating the stable 
and superior reversibility of the FeFe(CN)6-100&IG. The peak at 
0.76 V during the second discharge process suggests that the Li+ 
is inserted into the FeFe(CN)6 without phase decomposition, 
which will be discussed in details in following part (Figure S14). 
Figure 3b shows the discharge/charge profiles of the first 50 
cycles for the FeFe(CN)6-100&IG anode at a current density of 
100 mA g-1 between 0.001 V and 3.0 V. The discharge capacity 
for the first cycle is as high as 1,819.3 mAh g-1, while its first 
reversible specific capacity is only 973.5 mAh g-1, resulting in an 
initial coulombic efficiency of approximately 53.51%. Such 
dramatic capacity loss is attributed to the formation of SEI film, 
which is commonly observed in I-doped graphene (see Figure 
S7) and other atoms doped graphene-based electrodes.46 In 
addition, the reduction/oxidation of the high-spin FeII/FeIII ions 
connected to the nitrogen could not be fully charged. For PBAs 
with the formula of Mx[M(CN)6]y (M = Fe and Mn), two 
successive steps Li+ insertion reactions were proposed for 
FeFe(CN)6 and the corresponding two redox peaks are at 3.7 
and 2.9 V, respectively.52 Similar scenario was also observed for 
MnMn(CN)6 as an anode material for aqueous electrolyte 
battery.53 Here, the two reaction potentials are near 0.7 V vs. 
SHE and 0.0 V vs. SHE. In our case, as shown in Figure S8 and 
Figure S9, there are two discharges as well. The first discharge 
curve of FeFe(CN)6 in the range of 2.0-1.4 V vs Li/Li+ could be 
attributed to the reduction of the high-spin N−Fe3+/Fe2+. Since 
this reduction couple could not be reversely charged in the 
charging process, it disappears in the following cycles and 
should be responsible for the capacity reduction (Figure 3a). 
Further discharges took place in the range of 1.4-0.001 V vs 
Li/Li+ correspond to the reduction of FeIII to FeII and then FeI 
coordinated with C≡N- by C atoms (equation 2 and 3) as well FeII 
to FeI coordinated with C≡N- by N atoms (equation 4). Similar 
mechanism was proposed for the use of  Prussian blue 
analogue, cobalt hexacyanocobaltate, as battery anodes in an 
organic liquid-carbonate electrolyte.39

Figure 2 SEM (a-c) and TEM (d-f) images of the IG (a, d) and 
FeFe(CN)6-100@IG (b, c, e, f).
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Fe3+–C≡N–Fe3+ + Li+ + e- ⇌ Fe3+–C≡N–Fe2+Li+                        (1) 
Fe3+–C≡N–Fe2+Li++ Li+ + e- ⇌ Li+Fe2+–C≡N–Fe2+ Li+               (2) 
Li+Fe2+–C≡N–Fe2+ Li++ Li+ + e- ⇌ 2Li+Fe+–C≡N–Fe2+ Li+         (3)
2Li+Fe+–C≡N–Fe2+ Li++ Li+ + e- ⇌ 2Li+Fe+–C≡N–Fe+ 2Li+        (4)

The cycling performance of the FeFe(CN)6-100@IG was 
evaluated at 1000 mA g-1 over a range of 0.001–3.0 V versus 
Li/Li+. Electrode prepared from FeFe(CN)6-100@IG maintained 
discharge capacities of 709.5 mAh g-1 after 250 cycles at 1000 
mA g-1 (Figure 3c) and 448.0 mAh g-1 after 300 cycles at 2000 
mA g-1 (Figure 3d). These results demonstrate the excellent 
long-term cycling stability of the anode. We further evaluate the 
electrochemical lithium storage capability of hollow Prussian-
blue type Fe4[Fe(CN)6]3 with mixed valences of iron cations and 
contrasting textural properties obtained using similar etching 
process as potential anode materials for LIBs (Figure S10 and 
S11). Compared with hollow Fe4[Fe(CN)6]3@IG, which shows a 
cycling performance of 189.7 mAh g-1 at 2000 mA after 300 

cycles (Figure S12), FeFe(CN)6-100@IG composite shows a 
superior cycling performance of 448.0 mAh g-1 also at 2000 mA 
after 300 cycles (Figure 3d). Figure 3e shows the comparative 
cycling performance of three samples at a current rate of 100 
mA g-1. Apparently, FeFe(CN)6-100@IG exhibits a significantly 
improved cyclic capacity retention compared to FeFe(CN)6-
80@IG and FeFe(CN)6-120@IG. At the end of 100 charge-
discharge cycles, a reversible capacity of 1093.5 mA h g-1 can 
still be retained by FeFe(CN)6-100@IG, while only 710.8 mA h 
g-1 and 305.8 mAh g-1 could be retained for FeFe(CN)6-80@IG 
and FeFe(CN)6-120@IG, respectively. The rapid capacity decay 
of FeFe(CN)6-120@IG could be attributed to the destruction of 
the Prussian blue hollow nanospheres. The superior capacity 
retention given by FeFe(CN)6-100@IG is believed to be 
originated from its higher porosity created by the controlled 
etching process, which effectively buffers the volume change 
during the charge-discharge processes. A significant increase of 
the specific capacity is observed for the FeFe(CN)6-100@IG from 

Figure 3 Electrochemical performance of the FeFe(CN)6-100@IG electrode (a-d and f) and comparison of cycling 
performance of three anodes made from FeFe(CN)6 nanospheres etched under different temperature (e). (a) Cyclic 
voltammetry curve at 0.001 V s-1 scan rate. (b) Galvanostatic charge–discharge profiles at a current density of 100 mA g-

1. (c, d) Cycling performances at current densities of 1000 and 2000 mA g-1. (e) Cycling performance of FeFe(CN)6-80@IG, 
FeFe(CN)6-100@IG, and FeFe(CN)6-120@IG anodes at a current density of 100 mA g-1. (f) Rate performance at different 
current densities from 100 to 2,000 mA g-1.
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the 30th to the 100th cycle, which does not occur for the bare 
FeFe(CN)6 based anode. Such increase in specific capacity could 
be ascribed to the activation process of I-doped graphene in the 
anode materials.46 Figure 3f presents the rate capabilities and 
the cycle performance of the FeFe(CN)6-100@IG electrode at 
different current rates. various current densities. When the 
current density gradually increased from 100 to 200, 500, 1000, 
and 2,000 mA g-1, the corresponding average discharge 
capacities decreased from 987, to 804.8, 731.9, 591, and 507.7 
mAh g-1, respectively. If the current density was returned to 100 
mA g-1, the average discharge capacity was recovered to 
approximately 758.1 mAh g-1, which indicated a stable cycling 
performance.

Compared with the reported electrochemical performance of 
the PBA and PBA-derived materials (Table 1), our results are 
superior to those of other reported PBA materials for LIBs (Table 
1). For example, it was reported that the PB wrapped by 
graphene foam achieved a capacity of ~514 mAh g-1 after 150 
cycles at a current density of 100 mA g-1.54 Whereas single-
crystal Mn[Fe(CN)6]0.6667·nH2O (Mn-PBA) cubes (~600 nm) 
exhibited a low capacity (~295.7 mAh g-1 at 200 mA g-1 after 100 
cycles).57 Besides high porosity, two other factors that might be 
responsible for the outstanding lithium-storage performance of 
our FeFe(CN)6-100@IG. Firstly, wrinkled graphene sheets 
wrapping FeFe(CN)6 nanospheres can endure the volumetric 
change during cycling processes and improve its electrical 
conductivity. Secondly, our FeFe(CN)6 nanospheres are mainly 
based on Fe3+ instead of a mixture of +2 and +3 metal cations in 
Mx[Fe(CN)6]y (M = Fe, Mn, and Co),39, 55,57,58 which allows the 
insertion of more Li+ into the PB structure upon discharge and 
therefore a high theoretical capacity could be expected.

To further understand the correlation between the cyclic 
performance and the structural features of FeFe(CN)6-100@IG, 
the morphologies of the anode materials under different 
current density after 100 charge/discharge cycles were 
observed under SEM. Compared with the fresh electrode 

FeFe(CN)6-100@IG (Figure S13a and S13b), the FeFe(CN)6-
100@IG electrode maintains its integrity, and no crack or 
pulverization can be observed after 100 cycles at a current 
density of 100 mA g−1 (Figure S13c and S13d). In addition, the 
FeFe(CN)6-100@IG are uniformly distributed in the composites 
of polyvinylidene fluoride (PVDF) and acetylene black, further 
confirming that the unique structure can effectively alleviate 
the pulverization and prevent particle aggregation and ensure 
the long-cycle stability. When the charge/discharge current 
density was set at 1000 mA g−1(Figure S13e and S13f), the intact 
structure of the electrode after cycling demonstrates that the 
FeFe(CN)6-100@IG nanostructure can accommodate the stress 
of volume expansion and prevent the detachment of pulverized 
Prussain blue during discharge/charge. As a consequence, the 
rate capability and cycling stability were highly improved. The 
totally discharged anode after 10 cycles (discharged to 0.001 V 
at 100 mA g−1) was also characterized under TEM to see the 
morphology change. From Figure S13g and S13h, we can find 
that FeFe(CN)6 nanospheres can still bind with I-doped 
graphene after ten cycles of charge and discharge. The well 
preserved morphologies of the FeFe(CN)6@IG electrodes 
suggest that the FeFe(CN)6 nanospheres are very robust 
material. As we all know, the morphology change on the 
electrode surface during cycling is responsible for poor cycling 
stability. This provides evidence for the superior rate 
performance and enhanced cycling stability in FeFe(CN)6-
100@IG electrodes for LIBs.

To unveil the mechanism regulating the cycling stability of 
FeFe(CN)6 based anode, FeFe(CN)6-100 electrodes were 
retrieved from the cells after discharging cycle in glovebox 
under the protection of Ar atmosphere for characterizations. Ex 
situ XRD patterns (Figure S14) were performed to reveal the 
phase transition of the FeFe(CN)6-100 nanospheres as a 
function of potentials during discharge processes. The XRD data 
of the initial FeFe(CN)6-100 electrode exhibits the most intense 
reflections of FeFe(CN)6 (at 2 θ = 17.3°, 24.7°, 35.2°, 39.4°). It is 

Active materials Current density (mA g-1) Initial Capacity Cycles Capacity (mAh g-1) Ref.

Co3[Co(CN)6]2 20 566.2 5 350 39

PB/graphene foam 100 580 150 514 54

FeP@NC@rGO 1000 760 500 982 55

Mn1.8Fe1.2O4 200 2300 60 827 56

Mn[Fe(CN)6]0.6667 200 1123.7 100 295.7 57

MnxCo3-xO4 200 1400 30 733 58

K1-xFe2+x/3(CN)6·yH2O 8.75 960 50 400 59

Ti0.75Fe0.25[Fe(CN)6]0.96 350 35 50 250 60

FeFe(CN)6@IG 1000 787.3 250 709.5 This work

Table 1 Comparison of electrochemical performances of reported PBAs and PBAs-derived materials at different current rates.
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apparent that no phase transition takes place during the first 
discharging process to 2.0 V, indicating the insertion of Li+ ions 
imposes a negligible impact on the structure of FeFe(CN)6 
nanospheres. When the discharge potential of the electrode 
was reduced to 1.0 V, no obvious structural change could be 
observed from XRD pattern as Fe3+ in the FeFe(CN)6 is expected 
to be reduced to Fe2+ while keeping the structure intact. With 
the intercalation of Li+ into the FeFe(CN)6 lattices, the lattice 
parameters of discharge products were slightly increased 
through a stepwise intercalation process. Furthermore, once it 
is fully discharged down to 0.001 V, the intensities of all 
reflection peaks belonging to the FeFe(CN)6 were dramatically 
weakened and all peaks were nearly indiscernible as a result of 
further intercalation of Li+. 

Additional insights into the ion diffusion and charge transfer 
kinetics during cycling were assessed by electrochemical 
impedance spectroscopy (EIS). For comparison, we also 
synthesized a FeFe(CN)6-100@rGO composite and used it also 
as an anode. According to the EIS analysis (Figure 4), without 
the presence of IG, FeFe(CN)6-100 has a poor conductivity. Once 
IG was introduced, both FeFe(CN)6-100@IG and FeFe(CN)6-
80@IG electrodes exhibit similar smaller diameter in low 
frequency region, implying that they have similar electrical 
resistance. However, at high frequency, FeFe(CN)6-100@IG has 
a steeper slope which is an indicative of the higher charge 
transfer and faster reaction rate during the charge/discharge 
process. The relatively poor electrochemical performance of the 
FeFe(CN)6-80@IG sample can be mainly attributed to its poor 
solid nanospheres structure. Even though, both FeFe(CN)6-
100@IG and FeFe(CN)6-80@IG show superior electrical 
conductivity to FeFe(CN)6-100@rGO and necessitate the doping 
of I into graphene. 

Conclusions
In summary, hierarchical porous hollow FeFe(CN)6 

nanospheres encapsulated by the I-doped graphene 
hierarchical network were synthesized via a facile approach. 
Our experimental results showed that the etching temperature 
has a significant effect on the degree of etching of FeFe(CN)6 
nanospheres. FeFe(CN)6-100 obtained at 100 °C for 5 h in 1.0 M 
HCl solution possesses high porosity with a specific surface area 

and pore volume of 367.76 m2 g-1 and 0.433 cm3 g-1, 
respectively. After being integrated with conductive Iodine 
doped grapheme (IG), the resultant FeFe(CN)6-100@IG was 
applied as an anode in LIBs. The higher porosity originated from 
chemical etching process and flexibility provided by the stretchy 
graphene network within the composite could efficiently 
alleviate the volume change and allow the rapid transfer of the 
electrons and lithium ions during the cycling process. As an 
anode, the as-prepared FeFe(CN)6@IG exhibits improved 
lithium storage properties, enhanced reversible capacity and 
robust cyclic stability (709 mAh g-1 at the end of 250 cycles 
under 1000 mA g-1) and quick charge/discharge capability 
(448.0 mAh g-1 at the end of 300 cycles under 2000 mA g-1).
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