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The widely accepted theory concerning the electrochemical energy storage mechanism of copper
hexacyanoferrate (CuHCF) for supercapacitors is that CuHCF stores charge by the reversible redox
processes of Fe3+/Fe2+ couple and Cu cations are electrochemically inactive. In this work, CuHCF
nanocubes (CuHCF-NC) were synthesized in the presence of potassium citrate and its electrochemical
properties were tentatively studied in 1mol/L Na2SO4 aqueous electrolyte. Good supercapacitive
performance was exhibited. The combined analyses of cyclic voltammogram (CV) and X-ray
photoelectron spectroscopy (XPS) disclosed that the CuHCF nanocubes underwent the redox reactions
of Fe3+/Fe2+ and Cu2+/Cu+ couples to store charges. The Cu2+/Cu+ redox couple was activated due to the
strong coordination interaction between the carboxylate groups of citrate ions and surface Cu cations.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Supercapacitors possessing high power density and long cycle
life are the most promising energy storage devices, which have
commercial applications such as hybrid vehicles and emergency
backup powers [1–5]. Metal hexacyanoferrates (MCHFs, M =Mn,
Co, Ni, Cu, etc.) are attractive alternatives to traditional super-
capacitor electrode materials because of their unique structure,
high capacity and excellent cyclic stability [6–12]. Its 3D open-
framework channels which allow fast transport of alkali ions
enable high pseudocapacitive performance. In order to achieve
high electrochemical performance, the MCHF-based composites
which are fabricated with porous carbon, carbon nanotube,
graphene and conducting polymers have been tentatively studied
[13–26]. Among the MHCFs, CuHCF possesses higher working
voltage than NiHCF, CoHCF and MnHCF in neutral aqueous
electrolytes [27], suggesting that CuHCF can act as a promising
positive electrode material for asymmetrical supercapacitors.
Senthilkumar et al. [28] reported the synthesis of CuHCF coated
carbon fibers for a high voltage hybrid supercapacitor. Kim et al.
[29] used CuHCF and graphitic carbon nanoparticles as positive
and negative electrodes, respectively, to assemble an aqueous Li-
ion hybrid capacitorwith a high capacitance (63.64 F/g) and energy
density (42.78 Wh/kg). Yao and coworkers [30] prepared CuHCF
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nanosheet arrays on carbon cloth, which delivered a capacitance of
1441.4m F/cm2. Wu et al. [31] synthesized CuHCF nanostructures
on the graphene coated stainless steel sheets with a specific
capacitance of 570 F/g (1 A/g). Li et al. [32] fabricated a carbon
nanotubes/poly(3,4-ethylenedioxythiophene)-poly(styrenesulfo-
nate)/CuHCF hybrid film, which was employed as the positive
electrode to build an asymmetrical supercapacitor with an energy
density of 30.08 Wh/L (4.25 kW/L).

To date, widely accepted theory concerning the electrochemical
energy storage mechanism of MHCFs is that these materials
undergo the redox reaction of Fe3+/Fe2+ couple to store charge
[6,7]. And the low spin metal ions (Co2+, Ni2+, Mn2+, etc.) are
electrochemically inactive in aqueous electrolytes because of the
limited operation potential window. The charge storage of CuHCF
is also supposed to be due to the same redox process [31,32]. Very
recently, it has been reported for the CuHCF/reduced graphene
oxide nanocomposites that the redox reaction of Cu2+/Cu+ couple
may be involved in electrochemical charge storage [33]. But the
corresponding redox peaks are not observed in the CV curves of
pure CuHCF sample. In the previous studies of CuHCF-related
materials for supercapacitors [28–33], considerable efforts have
been made to synthesize nanostructured CuHCF or fabricate
nanocomposites. However, the information about electrochemical
energy storage mechanism is still lacking.

In the presentwork, the CuHCF nanocubeswere synthesized via
the chemical co-precipitation method by reacting Cu2+ cations
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. (a) CV curves of the CuHCF-P and -NC electrodes. (b) CV curves of the CuHCF-
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with [Fe(CN)6]3� anions in the presence of potassium citrate. For
comparison, the CuHCF particles (CuHCF-P) were prepared by the
same method without potassium citrate. Electrochemical proper-
ties of the CuHCF-P and -NC materials are studied by CV,
galvanostatic charge/discharge tests and electrochemical imped-
ance spectroscopy (EIS). A charge storage mechanism is proposed
for the CuHCF nanocubes that both Fe3+/Fe2+ and Cu2+/Cu+ redox
couples contribute to pseudocapacitance. And it is revealed that
the coordination of citrate ions with surface Cu cations plays an
important role on activating the Cu2+/Cu+ redox couple.

Fig.1a shows that the CuHCF-P and -NCmaterials exhibit a face-
centered cubic structure, which consists well with that of Prussian
blue [27]. As can be seen in the spectra, no diffraction peaks of
other phases and impurities are detected, suggesting that both
materials have good crystallinity and high purity. The FT-IR spectra
of both materials are shown in Fig. 1b. The absorption bands at
2102 and 492 cm�1 are assigned to the� CRN� stretching mode
and Cu-CN-Fe bending mode, respectively [34]. Furthermore, the
presence of water molecules inside the CuHCF framework is
verified by the absorption bands at 3429 (O��H stretching mode)
and 1605 (H�O��H bending mode) cm�1 [35]. Morphologies and
particle sizes of the CuHCF-P and -NC materials are characterized
by SEM and TEM. As shown in Fig. S1 (Supporting information), a
nanocube morphology is observed for the CuHCF-NC sample while
an irregular particle morphology for CuHCF-P. Furthermore, it is
demonstrated that the Cu, Fe, C and N elements are uniformly
distributed in the CuHCF nanocubes according to energy dispersive
spectroscopy (EDS) element mapping. TEM images of CuHCF-P
(Fig. S2 in Supporting information) and CuHCF-NC (Fig. 1c) are in
good accordance with the above SEM results.
[(Fig._1)TD$FIG]

Fig. 1. (a) XRD patterns of CuHCFs. (b) FT-IR spectra of CuHCFs. (c) TEM images of
CuHCF-NC.

NC electrode recorded at different scan rates. (c, d) Galvanostatic charge/discharge
curves of the CuHCF-NC electrode recorded at 0.5–10 A/g. (e) Calculated discharge
capacitances at different current densities for CuHCF-P and -NC. (f) Nyquist plots of
the CuHCF-P and -NC electrodes. Inset is the equivalent circuit for modeling the
measured impedance spectra.
The CV curves of the CuHCF-P and -NC electrodes are shown in
Fig. 2a. Both electrodes exhibit strong redox peaks, indicating the
pseudocapacitive behaviors. The CuHCF-P displays a pair of redox
peaks, which are in agreement with theliteratures [31,32]. A
significant difference is found between CuHCF-NC and -P, the CV
curve of CuHCF-NC consists of two pairs of well-defined redox
peaks. And wide working potential windows of the CuHCF-NC
electrode are exhibited (Fig. S3 in Supporting information). Fig. 2b
shows the CV curves of CuHCF-NC recorded at different scan rates.
Significant potential shifts of redox peaks are observed with
increasing scan rates, indicating that the CuHCF-NC electrode
undergoes insufficient redox reaction at higher scan rates. Detailed
analyses of the galvanostatic charge/discharge profiles of the
CuHCF-P (Fig. S4 in Supporting information) and CuHCF-NC
(Figs. 2c and d) electrodes show that the Coulombic efficiency
(discharge/charge) is more than 91%. In addition, the symmetrical
charge and discharge curves imply good electrochemical revers-
ibility. The calculated discharge capacitances at different current
densities are shown in Fig. 2e. The CuHCF nanocubes exhibit higher
specific capacitance than the CuHCF particles. Its specific capaci-
tance reaches 296 F/g at 0.5 A/g and retains 263 F/g at 5 A/g. EIS of
the CuHCF-P and -NC electrodes are measured and their Nyquist
plots are shown in Fig. 2f. In high-frequency region, the depressed
semicircles are interpreted to be due to a charge-transfer
resistance (Rct) and constant phase element (ZCPE). The straight
lines in low-frequency region correspond to the Warburg
resistance (ZW). According to the equivalent circuit model shown
in the figure, the values of Rct are calculated with the use of
ZSimpWin software. They are 4.3 and 2.6 V for the CuHCF-P and
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-NC electrodes, respectively. The charge-transfer resistance of the
CuHCF-NC electrode is significantly smaller than that of CuHCF-P.

XPS measurement was performed to elucidate the valence
change of Fe and Cu cations in the as-prepared and discharged
CuHCF-NC samples. The survey spectra confirm the presence of Cu,
Fe, N and C elements (Fig. 3a). The high-resolution spectra of Fe
2p3/2 (Fig. S5 in Supporting information) display the characteristic
peaks at 710.0 and 708.4 eV, which correspond to the Fe3+ in
[Fe(CN)6]3+ and Fe2+ in [Fe(CN)6]4+, respectively [36,37]. In Fig. 3b,
the binding energy peaks of Cu 2p3/2 located at 935.4 and 932.8 eV
can be ascribed to the Cu2+ and Cu+ species, respectively [34]. And
the peak area ratios (Cu+/Cu2+) are calculated to be 1.08 and 1.26 for
the as-prepared and discharged CuHCF-NC materials, respectively.
In comparison with the as-prepared CuHCF-NC material, the
discharged CuHCF-NC demonstrates decreased intensity of Fe3+

and Cu2+ species as well as increased intensity of Fe2+ and Cu+

species. These results indicate that parts of Fe3+ and Cu2+ ions are
reduced during the discharge process. Hence the pseudocapaci-
tance of the CuHCF nanocubes can be attributed to the redox
reactions of Fe3+/Fe2+ and Cu2+/Cu+ couples.

As reported in literatures [31,32], the electrochemical reactions
of CuHCF in acidic and neutral aqueous electrolyteswerewritten as
the following Eqs. (1) and (2), respectively:

KCuFeIII(CN)6+α(H++e�)$KHαCu[FeIII(CN)6]1-α[FeII(CN)6]α (1)

KCuFeIII(CN)6+x(K++e�)$K1+xCu[FeIII(CN)6]1-x[FeII(CN)6]x (2)

The charge storage of CuHCF was discussed in terms of the
reversible redox reaction of Fe3+/Fe2+ couple. Typical CV curve
[(Fig._3)TD$FIG]

Fig. 3. XPS spectra of the as-prepared and discharged CuHCF-NC samples: (a)
survey spectra, (b) Cu 2p3/2 binding energy spectra.
showed one pair of redox peaks. As for the CuHCF nanocubes, the
most impressed result is that its CV curves consist of two pairs of
redox peaks, which cannot simply be attributed to the Faradaic
redox reaction of Fe3+/Fe2+ couple. And the capacity contributions
of both Fe3+/Fe2+ and Cu2+/Cu+ redox couples are confirmed by XPS.
Therefore, a new charge storage mechanism is proposed that the
CuHCF nanocubes undergo the reversible electrochemical oxida-
tion and reduction of both Fe3+/Fe2+ and Cu2+/Cu+ couples to store
charges. Na+ ions are inserted/extracted into/from the CuHCF
framework to maintain charge neutrality during the discharge/
charge processes. As shown in Fig. 2a, the oxidation (reduction)
peaks located at 0.57 (0.44) and 0.72 (0.60) V correspond to the
electrochemical reactions of Fe3+/Fe2+ and Cu2+/Cu+ redox couples,
respectively. The observation of electrochemically active Cu
species in the CuHCF nanocubes may be interpreted to be due
to the surface-adsorbed citrate ions. During the crystallization
process of CuHCF nanocubes, the citrate ions can be adsorbed onto
the surfaces because the carboxylate groups (�COOH) of citrate
ions form strong covalent interactionwith Cu cations [38]. And the
strong coordination interaction between citrate ions and surface
Cu cations results in activating the Cu2+/Cu+ redox couple within
the electrochemical stability potential window of aqueous electro-
lytes (0.0–1.0 V vs. SCE). Very recently, it has been reported that the
redox transition of the Cu2+/Cu+ couple is enhanced in 2.0mol/L
H2SO4 electrolyte when protons instead of Na+ or K+ cations are
stored in the CuHCF framework [39]. Whereas in neutral aqueous
electrolytes, the coordination-induced activation of the Cu2+/Cu+

redox couple is observed for the first time.
In summary, ordered CuHCF nanocubes with a size of 150–

350 nm have been synthesized by the conventional co-precipita-
tion method with using potassium citrate as a chelating agent. The
CuHCF nanocubes possessing high capacitances (285 F/g at 1 A/g)
exhibit two pairs of well-defined cathodic and anodic CV peaks. On
basis of CV and XPS analyses, electrochemically active Cu species
are verified. And a charge storage mechanism is proposed that the
CuHCF nanocubes undergo the electrochemical oxidation and
reduction of Cu2+/Cu+ and Fe3+/Fe2+ couples during the processes of
charge and discharge. This is the first report about the activation of
Cu2+/Cu+ redox couple due to the coordination of citrate ions in
neutral aqueous electrolytes for CuHCF.
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