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Abstract: The integration of active materials into graphene foam (GF) is of 

fundamental importance for developing superior binder-free electrodes. In the 

present design, Prussian blue (PB) nanocubes were uniformly grown into the GF 

network by a facile immersion approach. This is the first example of GF supported 

metal cyanides and their applications as electrode materials. The as-prepared PB and 

GF/PB samples have been characterized systematically. This free-standing and flexible 

GF/PB composite electrode exhibited a high reversible gravimetric (areal) capacity of 

514 mAh g-1 (0.47 mAh cm-2) at 100 mA g-1 over 150 cycles and superior cycling 

stability with 99% capacity retention as well as good rate capability of ~150 mAh g-1 

at 1 A g-1. Such outstanding electrochemical behaviors were attributed to the 

synergistic integration of both GF and PB components. Thus, the GF/PB system can 

be employed as potential superior binder-free anode candidates for 

high-performance lithium-ion batteries. 

Keywords: Prussian blue; Graphene foam; Composite; Anode; Lithium-ion batteries 
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1. Introduction 

Lithium-ion batteries (LIBs) with large power densities, high energy densities and 

long cyclic life are crucial to develop upgrading portable electronic devices and 

emerging large scale applications [1]. Metal-organic frameworks (MOFs) are a class of 

porous materials constructed through metal ions and organic ligands [2]. Recently, 

MOFs have been widely employed as electrode materials for LIBs, in which the open 

framework structures allow the highly reversible intercalation/extraction of ions 

[3-5]. 

Metal hexacyanoferrates (HCFs) with three-dimensional open framework, known 

as Prussian blue (PB) or its analogues (PBAs), have received considerable concerns as 

one type of crystalline MOFs applied in various fields such as magnetism, gas storage, 

medicine, owing to their excellent activities, low cost, high stabilities and superior 

environmental benignancies [6-10]. It′s worth noting that the ability of metal HCFs 

intercalating alkali metal ions in reversible redox reactions during the 

charge/discharge process has rendered them to be used as electrode materials for 

rechargeable batteries, sensors and supercapacitors [11-15]. They have exhibited 

potential two-electron redox capacity and fast intercalation kinetics. Particularly, the 

open-framework contains large octahedral interstitial sites and open channels for 

ionic diffusion, which allow the insertion/extraction of alkali metal cations without 

collapse of the crystal framework. 

However, there are still some points to be noted for the metal HCFs system. Most 

work on metal cyanides focused on their cathode behaviors for secondary batteries, 

and there are very limited examples of metal cyanides as anode materials for LIBs 

[16-20]. In addition, the intrinsic poor electronic conductivity of metal cyanides and 

inefficient electron and ion transport in the whole electrodes have largely 

compromise the electrochemical performances, especially in the rapid response and 

long-term cycling stability. The high solubility of redox intermediates and the 

difficulty of controlling bulk precipitation further increase the challenge of employing 

metal cyanides as electrode materials. 
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Current collector materials have played a key role in determining the utilization 

efficiency of active components. The traditional electrode preparation approach 

would easily lead to the “dead area” of active materials by mixing the electroactive 

components with non-conductive binder and then deposit on the metallic foil or 

foam. Nowadays, a promising strategy to improve electrochemical properties of 

metal cyanides is to utilize conductive current collectors to form hybrids, and several 

candidates have been considered as electrode substrates to support PBAs active 

materials. For instance, Hao et al. deposited Ni-HCF nanocubes on flexible carbon 

fibers by an electro-deposition method, and the resulting electrode displayed 

remarkable electrochemical performances in the neutral electrolyte [21]. Fu et al 

successfully prepared flower-like Ni-HCF nanosheets coated 3D hierarchical porous Ni 

film, and the areal specific capacitance was 10 times larger than that of Ni-HCF 

deposited on smooth Ni film [22]. Wu et al. fabricated Co-HCF and Ni-HCF 

nanostructures with graphene-coated stainless steel through a solution 

co-precipitation process, showing superior supercapacitive properties [23]. As we all 

know, compared with the layered graphene or graphene oxide [24, 25], graphene 

foam (GF) with three-dimensional architecture has the potential to serve as an 

excellent current collector in the energy field because of its intriguing properties, 

especially the rapid mass and electron transport kinetics for alkali metal cations [26, 

27]. GF decorated with various active materials have been used directly as 

binder-free electrodes of rechargeable batteries, and showed superior activities 

relative with those of pure components [28]. Motivated by the merits of metal 

cyanides and GF, it can be anticipated that the GF/metal cyanide hybrids as 

binder-free electrodes would exhibit intriguing electrochemical performances. 

In the previous studies, our group has described an approach to prepare GF/metal 

oxides hierarchical composites, and the obtained free-standing GF/Mn2O3 and 

GF/CuO electrodes had high gravimetric and areal capacities, good rate capacities 

and superior cycling behaviors [29, 30]. Along with this line, herein we developed a 

simple route to prepare GF supported PB with the chemical formula FeFe(CN)6, in 

which PB nanocubes are in-situ grown on the GF surface and interconnected with 3D 
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conductive nanostructure scaffold. The isolating GF/PB composites were used as 

free-standing anode electrodes of LIBs, delivering superior electrochemical 

properties relative with pristine PB and GF. To the best of our knowledge, there were 

no examples until now on the rational design and synthesis of GF decorated with 

metal cyanides for energy applications. The excellent electrochemical behaviors were 

reasonably attributed to the synergistic interaction between highly active PB 

nanocubes and the conductive GF with interconnected porous network. 

2. Experimental details 

2.1 Materials 

All chemical reagents were purchased from Sigma-Aldrich and used without 

further purification. Graphene foam (GF) was synthesized by a chemical vapor 

deposition method reported previously [31]. 

2.2 Syntheses of PB and GF/PB 

PB nanocubes were prepared by a chemical precipitation approach according to 

the literature [32]. Typically, an aqueous solution of K3Fe(CN)6 (50 mL, 0.1 M) was 

added dropwise to an aqueous solution of FeCl3 (100 mL, 0.1 M) with continuous 

stirring, and then the solution was further stirred at 60 °C for 12 h. The resulting 

precipitates were collected by centrifugation, washed with deionized water three 

times. After the products were dried in a vacuum oven at 60 oC overnight, FeFe(CN)6 

(PB) particles were generated. The GF/PB sample was prepared through a 

facile impregnation approach described as follows. A piece of GF (1 cm × 1 cm) was 

treated with acid and putted gently into a glass bottle. An aqueous solution of 

K3Fe(CN)6 (2 mL, 0.1 M) was added into the bottle, followed by adding dropwise an 

aqueous solution of FeCl3 (4 mL, 0.1 M). The bottle was shaken slowly for 30 seconds 

and kept at 60 °C for 12 h. The resulting product was washed three times with 

deionized water, and dried under vacuum at 60 °C overnight. 

2.3 Physical characterization 

X-ray diffraction (XRD) patterns of all samples were collected with a Shimadzu 

XRD-6000 diffractometer using Cu-Kα radiation (λ = 1.5406 Å). X-ray photoelectron 

spectra (XPS) were conducted using a Thermo-Fisher Scientific ESCALAB 250 Xi (Al-Kα 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

6 

achromatic X-ray source). The microstructures were observed by field-emission 

scanning electron microscopy (FE-SEM, ZEISS Merlin Compact) and transmission 

electron microscopy (FE-TEM, JEOL JEM-2100F). The elemental mapping analysis was 

investigated with an energy-dispersive X-ray spectrometry (EDS, Oxford X-Max). 

Raman spectra were obtained on a Digilab FTS-3500 (Bio-Rad) using an Ar ion laser 

with a wavelength of 532 nm. 

2.4 Electrochemical measurement 

Electrochemical performances of the products were evaluated in CR2032-type coin 

cells, which were assembled in an Ar-filled glovebox with water/oxygen level lower 

than 1 ppm. 1.0 M LiPF6 in ethylene carbonate/diethyl carbonate (1:1 in volume) was 

employed as the electrolyte and Celgard 2600 membrance acted as the separator. 

The PB, GF and GF/PB materials were used as the working electrodes, whereas 

lithium foil acted as the counter electrode. The working electrode for pure PB was 

prepared by tape-casting a slurry of 70 wt% active material PB, 20 wt% conductive 

carbon black and 10 wt% polyvinylidene fluoride (PVDF) binder onto copper foil, and 

then dried at 60 oC under vacuum for 12 h. Both the GF and GF/PB samples can be 

employed directly as working electrodes due to their free-standing feature. 

Galvanostatic charge-discharge experiments were conducted on a LAND CT 2001A 

battery test system with a voltage window of 0.01-3.0 V. Electrochemical impedance 

spectroscopy (EIS) was performed on an Autolab system (Metrohm) over the 

frequency range of 0.1-100 kHz with an amplitude of 5 mV. 

3. Results and discussion 

3.1. Powder X-ray diffraction and Raman spectra 

Fig. 1a presented XRD patterns of the GF, PB and GF/PB samples. The obvious 

diffraction peak observed at about 2θ = 26.5° for GF was assigned to the (0 0 2) plane 

of graphitic carbon (JCPDS card no. 75-1621). The patterns of pure PB can be well 

indexed to the face-centered cubic lattice (JCPDS card no. 73-0687), where the 

diffraction peaks at 2θ = 17.4, 24.8, 35.3 and 39.5o corresponded to the (200), (220), 

(400) and (420) planes, respectively. In the XRD patterns of GF/PB, the diffraction 
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peaks of both the GF and PB components can be obviously seen, which further 

validated the successful loading of PB particles on the GF surface. The wide 

diffraction peaks for PB phase probably suggested the small crystalline size of 

particles. Raman spectra of PB and GF/PB were shown in Fig. 1b, in which two 

obvious peaks observed at 1582 and 2688 cm-1 for GF were assigned to the G and 2D 

signals, respectively. The 2D and G bands are attributed to the disordered carbon 

arising from structural defects and tangential C-C stretching vibrations, respectively 

[33]. The relatively low integral ratio of G to 2D band indicated the presence of 

few-layered graphene sheets in GF [34]. For the GF/PB samples, the presence of 

bands assigned to PB after PB formation can be observed at 267 and 532 cm-1 (Fe-C 

stretching), and at 2093 and 2151 cm-1 (C≡N stretching) [35, 36]. The corresponding 

GF peaks were not detected in the spectrum for the composite, which can be 

probably ascribed to the fact that the surface of GF was covered completely by a 

large amount of PB particles, which can be demonstrated by the following 

morphological analysis. 

10 15 20 25 30 35 40 45 50

# PB
o GF

GF

PB

GF/PB# 
(4

20
)

# 
(4

00
)

o 
(0

02
)

# 
(2

20
)

# 
(2

00
)

(a)

2 theta ( o)

In
te

ns
ity

 (
a.

u.
)

  
500 1000 1500 2000 2500 3000 3500 4000

GF

1200 1600 2000 2400 2800

 

Wavenumbers (cm -1)

In
te

ns
ity

 (
a.

u.
)

(b)

 

PB

GF/PB

In
te

ns
ity

 (
a.

u.
)

Wavenumbers (cm -1)  

0 300 600 900

O1s

In
te

ns
ity

 (
a.

u.
)

Binding Energy (eV)

Fe2p

C1s

N1s

(c)

   
275 280 285 290 295 300

In
te

ns
ity

 (
a.

u.
)

Binding Energy (eV)

(d) C 1s
283.8

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 

  
700 710 720 730 740 750

 

In
te

ns
ity

 (
a.

u.
)

Binding Energy (eV)

70
7.

8
70

9.
1

71
1.

7

72
0.

7
72

2.
9

(e) Fe 2p

 
390 395 400 405 410 415

399.2

 

In
te

ns
ity

 (
a.

u.
)

Binding Energy (eV)

N 1s(f) 396.7

401.5

 

Fig. 1 (a) XRD patterns of as-prepared GF, PB, and GF/PB samples; (b) Raman spectra 

of PB and GF/PB; XPS (c) survey, (d) C 1s, (e) Fe 2p, and (f) N 1s spectra of GF/PB. 

3.2. X-ray photoelectron spectra 

The surface elemental makeup and oxidation states were investigated using XPS 

(Figs. 1c-1f). The survey spectrum of GF/PB demonstrated the presence of C1s, N1s, 

O1s, and Fe2p peaks without any impurities. The oxygen peak mainly originated from 

those adsorbed water molecules. The obvious peak at 283.8 eV was attributed to the 

sp2-hybridized carbon atoms from GF [37]. To further explore the electronic states of 

each element, more attention has been paid to the high-resolution spectra of Fe and 

N. In the Fe2p spectrum, the binding energies at 709.1 eV and 722.9 eV originated 

from FeIII 2p3/2 and FeIII 2p1/2 of [FeIII(CN)6] in the PB framework, whereas the peak at 

711.7 eV was attributed to FeIII 2p3/2 coordinated to nitrogen atom. Two peaks at 

707.8 eV and 720.7 eV were ascribed to FeII 2p3/2 and FeII 2p1/2 of [FeII(CN)6] in PB 

[31,38,39], respectively. In the N1s spectrum, the core-level spectrum of N1s had 

three peaks at 401.5, 399.2 and 396.7 eV, confirming the presence of C≡N in the 

composite. The XPS analysis of Fe2p and N1s spectra confirmed the successful 

growth of PB particles in the GF substrate. 

3.3. Morphologies 

The microstructures of GF, PB and GF/PB were analyzed by SEM. GF displayed a 

typical 3D porous network (Fig. 2a), while PB particles showed uniform and 

well-packed nanocubes (Fig. 2b) [32]. For the GF/PB composite, the entire skeleton of 

GF was wrapped densely by PB crystals and the GF surface was rough (Fig. 2c, Fig. 
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2d). Notably, PB nanocubes in GF/PB presented less aggregation and appeared more 

regular because of the confinement of GF as well as the imitate contact between PB 

and GF. Actually, the interpenetrated porous feature of GF provided a highly 

accessible area, and effectively prevented the aggregation of PB particles, while the 

remarkable electronic conductivity of GF was beneficial to rapidly transport and 

diffuse electrolyte ions/electrons upon charging/discharging [40-42]. During PB 

loading process, the color of GF gradually changed from black to blue, implying 

in-situ decoration of PB particles. As shown in Fig. 2e, the corresponding elemental 

mapping images of GF/PB demonstrated the uniform distribution of Fe, C and N 

throughout the whole sample, indicating the successful deposition of PB particles 

into the GF network. 

 

Fig. 2 SEM images of (a) GF, (b) PB (inset: TEM image of PB), and (c, d) GF/PB; (e) EDS 

elemental mapping showing the spatial distribution of C, N and Fe species for GF/PB. 

3.4. Electrochemical performances 

The charge-discharge curves of the GF/PB electrode were shown in Fig. 3a. The 

first discharge and charge capacities were 578.7 and 385.0 mAh g-1 (areal capacities 

of 0.53 and 0.35 mAh cm-2), respectively, exhibiting a columbic efficiency of about 
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67%. The subsequent columbic efficiency slightly increased to 95% and 99% in the 

2nd and 50th cycles, respectively, yielding a high cycling stability. The cycling 

performances of PB and GF/PB at 100 mA g-1 were shown in Fig. 3b. Obviously, the 

GF/PB electrode exhibited a superior capacity retention ability and cycling stability 

than those of pure PB over 150 cycles and GF over 50 cycles (Fig. S1). For pure PB, 

the second discharge capacity was 645.3 mAh g-1 after a large capacity loss in the first 

cycle, followed by the gradual decrease to 299.8 mAh g-1 (150 cycles). The severe 

capacity decay of PB was ascribed to the agglomeration and pulverization of 

nanocubes during the cycling process [43]. By contrast, the composite electrode 

displayed a high cycle stability and the capacity raised slightly upon the 

discharging-charging cycles and still remained to 514 mAh g-1 (a large areal capacity 

of 0.47 mAh cm-2) at 100 mA g-1 after 150 cycles. 
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Fig. 3 (a) Charge-discharge curves of GF/PB at a current density of 100 mA g-1; (b) The 

cycling performance of PB and GF/PB at 100 mA g-1; (c) The rate performance of PB 

and GF/PB at different current densities from 50 to 1000 mA g-1; (d) Nyquist plots of 

PB and GF/PB. 
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In order to carry out the controlled experiments, two GF/PB composites with low 

and high PB loadings were prepared and characterized by morphologically. It can be 

found that excessive PB particles aggregated seriously on the surface of GF when PB 

loading was high (3 times the initial content), while the surface of GF have not been 

completely covered by PB particles for the low-loading sample (1/5 times the initial 

content) (Fig. S2). Electrochemical studies revealed that the moderate PB loading was 

crucial to the improvement of lithium storage properties, while the much low or high 

loadings of PB will have negative effect on the electrochemical performances of the 

composites (Fig. S3). The contribution of PB component to lithium storage decreased 

when the loading of PB is low, resulting in the poor specific capacity of the 

corresponding composite. The cycling curve of this composite went stabilized after 

50 cycles with the specific capacity of ~380 mAh g-1, close to the value of pure GF. In 

contrast, the high PB content led to the decay in the cycling life, although slightly 

enhanced capacities were observed at initial several cycles. The capacity decay for 

this composite can be ascribed to the following fact: 1) the conductivity for the 

composite undoubtedly decreased in the presence of excess PB particles, restricting 

the fast transfer of electrons/ions during the discharge/charge process; 2) those 

outermost excessive PB particles on the GF surface probably separated from the GF 

substrate and then dissolved into the electrolyte due to their weak binding 

interactions to the substrate upon cycling. Thus, the specific capacity of this 

composite continuously declined to about 402 mAh g-1 after 50 cycles. 

In general, the reported PBAs generally exhibited severe or slight capacity decays 

with increasing cycling numbers [16-20]. Notably, the gradual increase in capacity 

was observed in our case. Thus, the 3DGN/PB electrode in the present work keeps 

obvious advantages in lithium storage compared to these PBAs anodes and even 

GF/MOF-derived CuO in the aspects of specific capacitances and long-term cycling 

stabilities (Table 1). The intriguing electrochemical performance can be attributed to 

the intrinsic characteristics for such system: 1)the porous structure of GF can serve as 

an elastic and stable buffer effectively alleviating and accommodating volume 

changes with PB particles during the insertion/exaction process of lithium ions, which 

was commonly observed in GF-based anode materials [44]; 2) the unique GF/PB 
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binder-free structure provided open interspaces and electrochemically active surface, 

and thus showed higher adsorption/desorption capacities for lithium ions; 3) The 

encapsulation arrangement with the 3D interconnected graphene architecture can 

provide continuous pathways and extensive diffusion channels for the transport of 

electron and lithium ion through the overall electrode, significantly enhancing 

electrical conductivity and lithium insertion/extraction kinetics of the electrode. So, 

the proposed GF/PB electrode exhibited better rate capability compared with PB. 

Furthermore, the Coulombic efficiency of the GF/PB composite still remained at 

almost 100% after 150 cycles, revealing the fast stabilization of SEI layer as well as 

high reversibility for the conversion reaction of lithium and anode material. The 

significantly improved capacity was ascribed to the synergistic effect of GF and PB 

components. 

Table 1. Comparison of specific capacities of the GF/PB composite with reported 

PBAs anodes for LIBs. 

Electrode materials Current density 

(mA g-1) 

Cycle 

number 

Specific capacity 

(mAh g-1) 

Refs 

GF/PB 100 150 514 this work 

Ti0.75Fe0.25[Fe(CN)6]0.96·

1.9H2O 

350 100 127 16 

Mn[Fe(CN)6]0.6667·nH2O 100 20 ~540 17 

K1-xFe2+x/3(CN)6·yH2O 8.75 50 400 18 

Mn3[Co(CN)6]2·nH2O 50 100 35.3 19 

Co3[Co(CN)6]2·nH2O 20 5 ~300 19 

Co3[Fe(CN)6]2·nH2O 100 30 325 20 

GF/CuO 100 50 405 29 

There are no obvious differences in specific capacities between GF/PB and PB 

electrodes at low current densities (50 and 100 mA g-1), as shown in Fig. 3c. In 

comparison, GF/PB exhibited a better rate performance than PB when the current 

densities further increased from 200-1000 mA g-1. The capacity of GF/PB was about 
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150 mAh g-1 even at 1 A g-1, compared to 60 mAh g-1 observed for PB at the same 

current density. The specific capacity of GF/PB remained 382 mAh g-1 with the 

current density returning to 50 mA g-1, demonstrating the structural stability for the 

composite electrode during the cycling process. To evaluate the kinetics of 

electrochemical reactions on the electrodes, electrochemical impedance 

spectroscopy (EIS) of PB and GF/PB samples was carried out, as shown in Fig. 3d. It 

can be found from Nyquist plots that the bulk solution resistance of GF/PB was much 

smaller than that of PB because of the introduction of conductive GF substrate, as 

found in these GF/metal oxides [45, 46]. In our case, the strong coupling and intact 

contact between PB particles and conductive GF substrate can facilitate the rapid 

electron/charge transfer and accelerate the reaction kinetics of lithium storage, 

which is beneficial for the improvement of high-rate capability of the GF/PB anode. 

To further explore the mechanism of cycling stabilities, the microstructures of PB and 

GF/PB after 50 cycles were performed, as shown in Fig. S4. The obvious pulverization 

and aggregation of particles for the PB electrode was observed, and then part of 

these particles will separate from the current collector and then dissolve into the 

electrolyte, resulting in the continuous decrease of capacity upon cycling. However, 

PB particles have refined into much smaller ones after cycling for the GF/PB 

composite electrode. Accordingly, the binding force between these refined PB 

nanoparticles and GF substrate was further strengthened, which improved the 

structural stability and then the cycling stability of the whole electrode. For the 

GF/PB electrode, the charge transfer resistance after 150 cycles was significantly 

smaller than that before cycling (Fig. S5), which originated from the more close 

contact between these refined PB particles and GF substrate as well as the uniform 

dispersion of PB nanoparticles on the surface of GF, increasing the electronic 

conductivity. 

4. Conclusions 

In summary, we have successfully developed a facile and controllable approach 

fabricating the GF/PB composite system. The resulting GF/PB material was applied as 

light-weight and free-standing electrode for LIBs. It is important to highlight here that 
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the composite electrode not only exhibited high gravimetric and areal capacities, but 

also delivered an excellent long-term cycling performance and rate capacity. The 

superior electrochemical properties than individual components originated from the 

synergistic integration of GF and PB components. The large open space of the unique 

structure offered tunnels and space for the transport and storage of lithium ions. This 

is the first demonstration of the design and preparation of GF supported metal 

cyanides and their applications as electrode materials. The present synthetic strategy 

may be extended to different kinds of GF/MOF hybrids for constructing cost-effective, 

environmentally friendly and high-performance LIBs for energy applications. 
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Highlights 

1. A facile strategy to fabricate graphene foam (GF) supported metal cyanides was 

proposed. 

2. GF/metal cyanides were prepared and used as electrode materials for the first time. 

3. The binder-free electrode showed excellent electrochemical performances of LIBs. 

 


