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a b s t r a c t   

For applications involving sodium-ion capacitor (SIC) with high energy and high power, it is necessary to 
develop cathode materials with high operating voltage, high capacity, and excellent cyclic stability. Prussian 
blue and its analogs are considered promising candidates for cathode materials owing to their high energy 
and high stability resulting from their open framework structure. We demonstrate that the Prussian blue- 
graphene oxide composite (PBGO) can be applied to SIC as a battery-type cathode. PBGO is synthesized by a 
single-step decomposition method and has a morphology in which graphene oxide covered Prussian blue, 
which has a uniform cubic structure. PBGO exhibit a high capacity of 165 mAh g−1 at 20 mA g−1, as well as 68 
mAh g−1 at a high current density of 4 A g−1. The SIC is fabricated using PBGO as the cathode materials and 
activated carbon (AC) as a capacitor-type anode, and it exhibit a high specific energy density of 65.3 Wh kg−1 

and a superior capacity retention of 78.8% after 10,000 cycles. The use of battery-type cathodes presents a 
promising strategy for developing SIC with high energy and long lifespan. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

With increasing interest in electric vehicles and energy storage 
systems, extensive research has been conducted on energy storage 
materials with high storage capacity and high power [1–3]. Lithium- 
based batteries have attracted considerable attention for decades  
[4–6]. However, the continued rise of lithium prices, uneven dis
tribution of resources and the limited amount of lithium are major 
obstacles in the development of energy storage materials using li
thium. Sodium, which has similar physicochemical properties, is 
considered to be a sustainable candidate for replacing lithium due to 
its abundant resources on Earth and relatively low price [7–9]. 
However, similar to lithium-ion batteries (LIBs), sodium-ion bat
teries (SIBs) have a low power density and it is difficult to meet the 
demands of commercial energy storage system. To solve this pro
blem, sodium-ion capacitors (SICs) are proposed that combines the 
high power of a capacitor-type material and the high energy of a 
battery-type material [10–13]. 

A typical configuration of the hybrid system is to assemble into a 
single cell, a battery-type material having plateaus during charging 
and discharging and a capacitor-type material storing energy 
through adsorption and desorption of surfaces [14]. This 

combination allows for high energy and high power. Lee’s group [15] 
achieved excellent performance by constructing a hybrid system 
combining a battery-type NaTi2(PO4)3 and a capacitor-type graphene 
nanosheet. The Zhou group and Wasinski group reported a combi
nation of a battery-type cathode, P2-Na0.67Co0.5Mn0.5O2 and 
Na0.4MnO2, and a capacitor-type anode [16,17]. These findings not 
only show the promise of hybrid systems but also that sodium pre- 
intercalated battery-type materials have desirable properties to be 
applicable to hybrid systems. 

Among the various materials in which sodium is pre-intercalated, 
Prussian blue and its analogue have been continuously studied for 
the following reasons [18–20]. Prussian blue can be easily synthe
sized using a single precursor and has an open framework structure, 
hence it is possible to insert and extract sodium ions smoothly. 
Additionally, it has a theoretical capacity of approximately 171 mAh 
g−1 through two redox reactions. However, restricted utilization of 
sodium ions by water molecules occupying [Fe(CN)6] vacancies and 
low stability of PBs are the main factors that limit its use. In order to 
solve this problem, researchers have reduced the [Fe(CN)6] vacancies 
by introducing graphene oxide, and as a result, capacity reduction is 
prevented and the cycle stability is improved [21]. 

Herein, we report the application of PB and graphene oxide 
composites (PBGO) to upside-down SICs, comprising a battery-type 
cathode and capacitor-type anode. PB was synthesized through de
composition of a single precursor under acidic conditions. PBGO was 
prepared by introducing graphene oxide during the PB synthesis 
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process. Through a graphene oxide sheet, the capacity contribution 
of the surface capacitive process was increased, resulting in a better 
rate performance at high current densities. Also, the application of 
PBGO to the SICs as a cathode was carried out and has been con
firmed to have good cyclability and high power-energy densities 
compared to pure PB. 

2. Experimental procedure 

2.1. Synthesis of PB and PBGO 

The PB was prepared through a previously reported method, 
which involved the decomposition of sodium ferrocyanide (Na4Fe 
(CN)6, Sigma Aldrich, 99%) [18]. We dissolved sodium ferrocyanide 
(4 mmol) in distilled water (100 mL), and then, hydrochloric acid 
(1 mL, Daejung, 37%) was added to the solution. After stirring at 
60 ℃ for 4 h, the as-synthesized PB was washed several times with 
water and ethanol and dried overnight at 80 ℃ under vacuum. For 
the PBGO, 200 mg of graphene oxide (standard graphene) was added 
to the reaction solution while stirring at 60 ℃. 

2.2. Characterization 

The crystalline structures of the samples were analyzed by an X- 
ray diffractometer (XRD, Rigaku Rint 1000, Japan) with a Cu Kα ra
diation source. The morphologies of the samples were examined 
using scanning electron microscopy (SEM, Hitachi SU-70, Japan) and 
transmission electron microscopy (TEM, TECNAI G2 F20, USA). The 
content of graphene oxide in PBGO was calculated using thermo
gravimetric analysis (TGA, DTG-60H, Japan) and differential thermal 
analysis (DTA, DTG-60H, Japan). Raman spectra of the samples were 
recorded using a LabRam HR800 UV Raman microscope (Horiba 
Jobin-Yvon, France). Fourier-transform infrared spectra (FT-IR) was 
measured using IR Prestige-21 spectrometer (Shimadzu, Japan). The 
specific surface area and pore size distribution were calculated by 
Brunauer–Emmett–Teller (BET) analysis (ASAP2020, Micromeritics, 
USA). The chemical states of PB and PBGO were determined by X-ray 

photoelectron spectroscopy (XPS) measurements (K-ALPHA+, 
Thermo Scientific, USA). 

2.3. Electrochemical measurement 

The half-cell performance of the PB and PBGO was performed on 
a 2032-type coin cell with a Na metal film as the anode. The elec
trode material was prepared by mixing active materials, Ketjen 
black, and teflonized acetylene black (TAB) in a weight ratio of 5:1:1. 
The mixture was pressed onto a stainless steel current collector and 
dried for 4 h in a vacuum oven at 160 ℃. The electrolyte was pre
pared by mixing 1 M NaClO4, propylene carbonate (PC), and 2 wt% 
fluoroethylene carbonate (FEC) additive. The coin cell was then as
sembled in an argon-filled glove box. The working electrode and the 
metallic sodium anode were separated by a porous separator (glass 
fiber from Whatman). A Won-A-Tech battery tester (WBCS 3000, 
Korea) was used for galvanostatic charge-discharge tests in the 
voltage range of 2.0–4.2 V vs. Na/Na+. Cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) measurements were 
performed using Bio-Logic electrochemical workstation (SP-150, 
France) at various scan rates within the potential range of 2.0–4.2 V 
vs. Na/Na+. The electrical conductivity and diffusion coefficient were 
calculated by fitting the EIS results with ZMAN program. The diffu
sion coefficients (DNa) were calculated by the following equations: 

=D
R T

A n F C2Na
Na

2 2

2 4 4 2 2 (1)  

= + +Z R Rct s 2
1

(2)  

In Eq. (1), R is the gas constant (J mol−1 K−1), T is the absolute 
temperature (K), A is the electrode area (cm2), n is the number of 
electron transfer, F is the Faraday constant (96,485 C mol−1), CNa is 
the concentration of Na+ (mol cm−3), and σ is Warburg factor. The σ 
value can be obtained from Eq. (2). The linear relationship was ob
served between Z′ and ω−1/2 in the low-frequency region, and the 
slope of this linear plot is σ value. 

The capacitor system was also prepared in a manner similar to 
the half-cell system. Activated carbon (AC) was used as the anode 

Fig. 1. (a) XRD patterns of PB and PBGO; (b) Raman spectrum of PBGO; (c) SEM image of PBGO; (d) TEM image of PBGO.  
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material (Fig. S1), and a mixture of 1 M NaClO4 and ethylene car
bonate (EC) and dimethyl carbonate (DMC) (EC:DMC=1:1) was used 
as the electrolyte. Measurements for the galvanostatic charge-dis
charge profile and CV over the range of 0.01–3.5 V were also carried 
out using the same equipment. The energy density (Whkg−1) and 
power density (Wkg−1) of the SIC was calculated using the following 
equations: 

= IVdtEnergy density (E, Wh kg )
t

t
1

1

2

(3)  

= E
t

Power density(P, W kg )1
(4)  

where t1 (s) and t2 (s) are the start and end times of cell dis
charge, I (A g−1) is the current density, V (V) is the working voltage, 
and t (s) is the discharge time. 

3. Results and discussion 

3.1. Characterization of PB and PBGO 

The PB was synthesized by the decomposition of Na4Fe(CN)6 at 
60 ℃ under acidic condition. During the synthesis, [Fe(CN)6]4- was 
decomposed into Fe2+, and some of this Fe2+ was subsequently oxi
dized to Fe3+. The resulting Fe3+ ions reacted with [Fe(CN)6]4- to form 
PB seeds. Thereafter, the PB seeds grew gradually over the reaction 
time. The PBGO was synthesized by adding graphene oxide during 
PB formation. The chemical composition of PB and PBGO was con
firmed by FT-IR and XPS analysis (Fig. S2). The peak at 2083 cm−1 of 
the FT-IR spectrum corresponds to the stretching vibration of C]N, 
and the peaks in the XPS spectrum was assigned as Fe3+ (2p1/2 and 
2p3/2) and Fe2+ (2p1/2 and 2p3/2). Both PB and PBGO showed similar 

FT-IR patterns, and the XPS peaks of PBGO shifted to a higher binding 
energy, suggesting that PBGO was formed by electrostatic interac
tion between PB and GO. 

Fig. 1a shows the XRD patterns of PB and PBGO. The XRD peaks of 
PB and PBGO were indexed to ferric ferrocyanide (JCPDS No. 
73–0687), indicating that both had a face-centered cubic (FCC) 
crystal structure (space group Fm m3 ), which implies that the added 
graphene oxide did not affect the crystal structure of the PB. In the 
case of PBGO, the prominent graphite peaks (especially, 2θ = 26°, 
corresponding to the (002) plane of graphite) were not observed. 
This demonstrates that there is no aggregation of graphene oxide in 
the process of the reaction. 

In addition, the presence of the graphene oxide in the PBGO is 
confirmed by Raman spectrum analysis. In the Raman spectrum, D 
band and G band peaks are observed between 1300 and 1600 cm−1, 
which correspond to the disordered carbon and graphitic carbon, 
respectively (Fig. 1b). The ID/IG ratio is calculated to be 0.91, which 
means that the graphene oxide of the composite can improve the 
conductivity of the active material and improve the rate perfor
mance of the SIC [22]. The specific content of the graphene oxide in 
the synthesized PBGO was calculated as 17.6% using TGA and DTA 
(Fig. S3). 

The morphology of each sample was characterized using SEM 
and TEM. The SEM images (Figs. 1c and S4) show that these samples 
have cubic shapes with various sizes ranging from 200 nm to 1 µm. 
The size difference among PB samples is prominent in pure PB 
samples than in PBGO. Compared with PB, PBGO has a uniform size 
(approximately 300 nm). This uniform size distribution was con
tributed by the graphene oxide layer. This layer limited the ag
gregation and the growth of PB seeds. Furthermore, The TEM image 
in Fig. 1d supports the fact that the PB samples are covered and 

Fig. 2. (a) CV curves of PBGO at different sweep rates from 0.1 to 1.0 mV s−1; The log (specific i) versus log(v) plot and b values of the (b) anodic peaks and (c) cathodic peaks; (d) 
CV curve of PBGO with separation of the contribution to surface capacitive storage (shaded regions) at 0.1 mV s−1. 
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connected by a 3D graphene oxide network. The interaction of PB 
and graphene oxide network utilizes the high electrical conductivity 
of graphene oxide and facilitates electron transfer between PB 
samples, thereby contributing to higher electrochemical perfor
mance. 

3.2. Half-cell performance 

Half-cell test of PB and PBGO was performed on a coin cell with 
metallic sodium as a counter electrode. CV of the samples was 
measured in the voltage range of 2.0–4.2 V vs. Na/Na+ at scan rates of 
0.1, 0.5, 0.7 and 1 mV s−1 (Fig. 2a). Several pairs of peaks are identi
fied at scan rate of 0.1 mV s−1, with prominent peaks appearing in 
the voltage range of 2.8–3.2 V (vs. Na / Na+). These may be explained 
by Fe2+/Fe3+ redox activities and different intercalation sites for so
dium ions. Several other peaks were considered to occur stepwise in 
the extraction and insertion of sodium ions during charging and 
discharging. 

To further analyze the charge and discharge mechanism, we 
examined the kinetics of the PBGO composite. In Fig. 2a, two anodic 
peaks (a and b) and two cathodic peaks (c and d) are observed. The 
relation between current (i) and scanning rate (v) follows the power 
law [23]. In i = avb, the value of b is representative of the charge and 
discharge mechanism. If the value of b is closer to 0.5, the diffusion 
insertion process is more dominant, and if it is closer to 1.0, the 
surface capacitive process dominates. As shown in Figs. 2b and c, the 
values of b at the anodic and cathodic peaks are 0.68, 0.85, 0.84, and 
0.98, respectively, indicating that the charging and discharging 
process is a combination of diffusion insertion and surface capacitive 
processes. Except for the peak a, other peaks are close to 1.0. This 
indicates that surface capacitive reactions, with relatively faster ki
netics, are more dominant than the diffusion insertion process. In 
contrast, the peak a originates from the diffusion insertion process. 

Moreover, to quantify the contributions from diffusion insertion and 
the surface capacitive process, we use equation (5) [24,25]:  

i = k1v+k2v0.5                                                                        (5)  

where v is the scanning rate (mV s−1), i is the specific current (A 
g−1) at a certain potential, and k1 and k2 are constants. In this 
equation, k1v and k2v0.5 are the contributions of the surface capa
citive and diffusion insertion processes at a certain potential, re
spectively. By dividing each term of equation (5) by v0.5 and plotting 
with v0.5 versus i v−0.5, the values of k1 and k2 can be obtained (Fig. 
S5). Following this analysis, similar to the result of the power law, 
the surface capacitive reaction is dominant. The contribution of the 
surface capacitive process increases as the scanning rate increases 
(Fig. S6). Particularly, the peak a increases from approximately 
55–77%. Consequently, compared with the pure PB sample, the 
surface capacitive contribution, which is approximately 26.7% in PB, 
is shown to increase to 40.3% in PBGO at the scanning rate of 
0.1 mV s−1 (Fig. 2d, Fig. S7). This increase in the contribution of fast 
kinetics is due to the effect of the graphene oxide network, which 
results in better rate performance than pure PB in the half and 
full cell. 

Fig. 3a shows the galvanostatic charge-discharge voltage profile 
of PBGO at various current densities from 20 mA g−1 to 200 mA g−1. 
The discharge capacities at each current density are 165, 157, 151 and 
147 mAh g−1. The multi plateaus during charge and discharge cor
respond to the redox reaction of iron-ions, indicating that the in
sertion and extraction of Na+ ions occur step by step. Concretely, 
plateaus with a voltage ranging from 2.8 V to 3.2 V correspond to the 
redox reaction of the Fe2 site, and the plateaus in the high voltage 
range represent the redox process of the Fe1 site [21,26]. The rate 
performance is verified to compare the electrochemical performance 
of pure PB and PBGO at high current densities (Fig. 3b and Fig. S8b). 

Fig. 3. (a) Galvanostatic charge-discharge voltage profiles of PBGO; (b) Rate performance of PB and PBGO at high current densities; (c) Nyquist plots of PB, PBGO, and GO; (d) Long 
cyclic performance of PBGO at 500 mA g−1. 
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At a current density of 4 A g−1, only about 36 mAh g−1 of capacity 
remained in pure PB, whereas for PBGO, approximately 68 mAh g−1 

of capacity remain. Fig. 3c shows the Nyquist plots of PBGO, PB, and 
GO. The semicircle at high frequency can be ascribed to the charge 
transfer resistance (Rct). The Rct values of PB, PBGO and GO were 
calculated to be 330 Ω, 247 Ω and 179 Ω, respectively, indicating that 
the electrical conductivity of PBGO was improved compared to PB. 
The diffusion coefficients of sodium ions in PB and PBGO were cal
culated to be 1.91 × 10−13 cm2 s−1 and 1.05 × 10−13 cm2 s−1, respec
tively (Eq. 1 and Fig. S9). The GO on the PBGO surface lowered the 
diffusivity of sodium ions into the PB, but the increase in electrical 
conductivity by GO seems to improve the rate performance. Fur
thermore, PBGO exhibits high stability of approximately 91.3% re
tention after 800 cycles at a current density of 0.5 A g−1 (Fig. 3d). 
These half-cell test results are summarized as follows. By introdu
cing graphene oxide, there is increased capacity contribution of the 
surface capacitive process, with relatively fast kinetics. This con
tribution improvement has the effect of alleviating the decrease in 
capacity as the high current density. 

3.3. Sodium-ion hybrid energy storage 

The performance of the SICs have been evaluated in 1:1 mass 
ratio and 0.01–3.5 V range using the combination of PBGO with AC. 
The CV curves shown in Fig. 4a show asymmetrical rather than 
perfect rectangular curves and have partially broad redox peaks. This 
shape indicates that the reaction mechanism of the hybrid system 
includes non-Faradaic adsorption/desorption onto the surface of 
PBGO and Faradaic intercalation/extraction of sodium ions into 
PBGO, matching with redox peaks. According to the CV curves, the 
galvanostatic charge-discharge curves of SIC also exhibit an asym
metric structure with the plateau related with rather than a 

completely triangular shape (Fig. 4b). The cyclic performance is 
evaluated at the current density of 1 A g−1 (Fig. 4c). After testing for 
10,000 cycles, PBGO maintains retention of approximately 78.8% and 
a Coulombic efficiency of approximately 99.0%. This stable perfor
mance results from smooth Na+ ion insertion and extraction by the 
unique open framework structure, which is a characteristic of PB 
(Fig. S10). Graphene oxide also mitigates the volume change of PB 
generated during the charging and discharging process and 
smoothens electron transfer. SEM image and ex-situ XPS spectrum of 
PBGO after 1000 cycles indicate that PBGO maintains its structure 
well during repeated charging and discharging (Fig. S11). 

The EIS data in the form of Nyquist plots demonstrate the su
perior performance of PBGO compared to pure PB and graphene 
oxide (Fig. 4d). A semicircle in the high-frequency region indicates 
the charge transfer reaction between the electrode and the elec
trolyte. An inclined line in the low-frequency region explains the 
effect of insertion and extraction of Na+ ions. The high-frequency 
region indicates that PBGO has lower charge transfer resistance than 
PB. This decrease in resistance might be attributed to the graphene 
oxide layer of PBGO because it provides a more efficient means to 
transfer electrons between PB active sites. 

The Ragone plots show the energy and power density calculated 
with the total mass of both electrodes (Fig. 5a). The highest energy 
density is 65.3 Wh kg−1, and the energy density has high retention 
when the power density of these SICs is increased by 3500 W kg−1. 
These results indicate that the PBGO//AC system has more energy 
and power density than lithium-ion capacitors (LICs) assembled 
with AC such as LiCoO2//AC [27], LiCoPO4F//AC [28], Li3V2(PO4)3//AC  
[29], Li4Ti5O12//AC [30], and Li2MnSiO4//AC [31]. Additionally, com
pared to the previously reported SICs based on NaMnO2 [17], 
Na0.67Co0.5Mn0.5O2 [16], V2O5/CNT nanowire [32], Na2Ti3O7 [33], and 

Fig. 4. (a) CV curves of PBGO//AC at various sweep rates; (b) Charge-discharge curves of PBGO at various current densities; (c) Cyclic performance of PBGO at 1 A g−1; (d) Nyquist 
plots of the sodium-ion capacitors cells with PB and PBGO. 
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Na-titanate nanotubes [34], this novel SIC system is shown to be 
superior. 

4. Conclusion 

In summary, we prepared PBGO with a facile decomposition 
method and designed an upside-down SIC full-cell consisting of 
PBGO (battery-type cathode) and AC (capacitor-type anode). The 
introduction of graphene oxide improves the contribution of the 
surface capacitive process, which results in good rate performance at 
high current densities. Moreover, the combination of the open fra
mework structure of PB with the graphene oxide network provides 
an efficient pathway of sodium-ion and electron transfer, resulting in 
a high cyclic stability of 78.8% after 10,000 cycles as in SICs. 
Consequently, this study achieves superior performance compared 
with previous upside-down SICs and can be a candidate of energy 
storage systems with high energy density and power density. 
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