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Zinc hexacyanoate (ZnHCF), one of the Prussian blue analogs (PBAs), is a promising cathode material
for rechargeable aqueous batteries due to its easy synthesis and open framework. However, the low-
capacity problem limits its further development. In this work, a low-cost and simple hydrothermal
method is used to grow a diphasic Prussian blue composite material (ZnVHCF) on reduced graphene
oxide (rGO), aiming to improve the specific capacity and conductivity of the electrode material by
introducing vanadium-based Prussian blue and rGO conductive networks. Meanwhile, the electrolyte
additive is utilized as a strategy to suppress the vanadium dissolution of cathode materials. Based on the
synergistic effect of multiple strategies, the reduced graphene oxide modified vanadium-zinc diphasic
Prussian blue (ZnVHCF@rGO) composite material exhibits excellent zinc storage performance. It shows a
higher specific capacity of 152.3 mA h g~ at a current density of 0.1 A g~ In addition, the VO** sol—gel
electrolyte additive provides additional capacity due to the electrochemical activity of V and delays
material dissolution based on the principle of solvation equilibrium. The capacity reaches 84.1 mA h g~*
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at a current of 5 A g%, which is an improvement of 26.1%. And the cycling stability is improved by 25.2%
after 300 cycles. This work provides new ideas for the design of high-performance PBA cathodes
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1. Introduction

With the excessive consumption of non-renewable fossil fuels
and global warming, it is important to develop green and
efficient energy storage technologies.'™ Aqueous zinc-ion bat-
teries (AZIBs) have attracted much attention due to the unpar-
alleled advantages of the aqueous electrolyte and zinc anode.’
Specifically, aqueous electrolytes have high ionic conductivity,
low cost, and non-flammability compared to organic elec-
trolytes.>” In addition, zinc anodes are abundant, nontoxic,
and low cost. And they have a low redox potential (—0.76 V vs.
SHE) and high specific capacity (820 mA h g~*),*° with good
reversibility in aqueous electrolytes."’ However, their low
energy density limits their application scenarios. The search
for suitable cathode materials with high voltage and high
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capacity is very urgent.””> Among the many cathode materials,"*

Prussian blue analogs (PBAs) materials have been widely studied
due to their open framework with wide adaptability to various
carrier ions.'”'®

Zinc hexacyanoferrate (ZnHCF), one of PBAs, is a promising
cathode material for rechargeable aqueous batteries.”** Liu*
et al. first proposed AZIBs using the rhombohedral Zn;[Fe(CN)y],
(ZnHCF) cathode, which exhibited a low capacity of 65.4 mAh g™*
after 100 cycles with 76% capacity retention. The low capacity is
due to the electrochemical inactivity of Zn. During electrochemical
charging and discharging, Zn** does not participate in redox
reactions, so there is only one charging/discharging plateau or
anode/cathode peak induced electron transfer (Fe**~Fe**).>> Based
on this fact, a diphasic Prussian blue analog is proposed. It is
obtained by utilizing a vanadium-based Prussian blue material
with multi-electron transfer to modify the ZnHCF.**** The perfor-
mance coupling of the diphasic Prussian blue analogs further
increases the specific capacity of PBAs. However, the electro-
chemical stability of PBAs in aqueous media is poor, and one
strategy to overcome this problem is the preparation of carbon/
Prussian blue composites with reduced graphene oxide (rGO)
and carbon nanotubes (CNTs).?*"2° The use of carbon materials
can provide excellent conductive structures, which are important

This journal is © The Royal Society of Chemistry 2025
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for their electrochemical performance.>”*® In particular, graphene
has a two-dimensional conductive plane made up of large n-bonds,
and functional groups can be freely added to enrich interfacial
effects.>® Graphene-based materials can be used in energy storage
devices, especially because of their impressive electrical conduc-
tivity.>>*' Therefore, the introduction of graphene can further
improve the electrochemical properties of the diphasic Prussian
blue material and increase the electrical conductivity, as well as
protect the material from direct contact with the active water
molecules in the electrolyte and delay the dissolution process of
the material.

In addition, vanadium-based materials inevitably suffer from
vanadium dissolution. This can lead to the structural collapse of
vanadium-based Prussian blue, affecting the coupling of diphasic
Prussian blue. In the electrolyte, in order to decrease the dissolu-
tion of materials, researchers have utilized a highly concentrated
“water in salt”(WIS) electrolyte to reduce the water content and
tune the solvation structure of the electrolyte.**** Liu** et al.
introduced a certain amount of LIOTF and designed an electrolyte
of 2 M Zn(OTF), + 8 M LiOTF, which effectively reduces the
number of free water molecules. It also inhibits the activity of
water molecules and improves the stability of the electrode/
electrolyte interface, improving the cycling stability of VO, effec-
tively. Although the performance of “WIS” electrolytes has
improved, their practical application is still hampered by high
cost, increased viscosity, less ionic conductivity, and low energy
density due to the increase in salt concentration.>® Based on the
vanadium oxide dissolution equilibrium principle, it is possible to
inhibit the dissolution of elemental vanadium by adding appro-
priate vanadium sols into the aqueous electrolyte. In addition,
vanadium sols can provide additional capacity during charging
and discharging due to the redox activity of V.

To overcome the above issues, this study proposes a reduced
graphene oxide reinforced diphasic Prussian blue composite
cathode material (ZnVHCF@rGO) and vanadium sol as the
electrolyte modifier. The comprehensive performance of zinc-
ion batteries is improved using multiple strategies and has the
following advantages: (1) zinc powder is used as the reducing
agent to obtain low valence vanadium solution, which is the
precursor solution. The diphasic Prussian blue (ZnVHCF) com-
posite is obtained via a hydrothermal method with a simple
preparation process and low cost; (2) the electrochemical
performance of ZnVHCF is enhanced by the introduction of
reduced graphene oxide via the hydrothermal method. The
electrical conductivity is improved, and direct contact between
the material and the active water in the electrolyte is avoided,
thus delaying the dissolution of the material. (3) Based on the
principle of solvation equilibrium, the electrolyte employed is
3 M Zn (CF3;S0;), + 0.1 M VO>'. It inhibits the vanadium
dissolution of ZnVHCF@rGO and the vanadium sol provides
additional capacity due to the redox activity of V. Compared
to ZnHCF, the experimental results show that the diphasic
Prussian blue (ZnVHCF) has a higher specific capacity with
96.7 mA h g™ " ata current of 0.1 A g~ *. With the introduction of
rGO, more favorable electrochemical performance is achieved
for ZnVHCF@rGO, reaching 152.3 mAh g " at 0.1 Ag ", And it
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has higher electrical conductivity and ion diffusion ability.
In addition, the VO®" sol-gel electrolyte additive provides
additional capacity and retards the dissolution of the material,
improving capacity by 27.3% at 5 A g~ ' reaching 84.1 mAh g *
and cycle stability by 25.2% after 300 cycles.

2. Experimental
2.1 Materials

All the chemicals utilized in the study are sourced from
Shanghai Aladdin Biochemical Technology.

2.2 Material preparation

2.2.1 Preparation of ZnHCF. 2 mmol ZnSO, and 2 mmol
K;Fe(CN)e are dissolved in 20 ml of deionized water with
stirring, and then the K;Fe(CN), solution is slowly dripped into
the ZnSO, solution with a hydrothermal method at 150 °C for
8 h. The product is dried in a vacuum drying oven at 60 °C for
12 h after filtering and washing, and ZnHCF is obtained.

2.2.2 Preparation of ZnVHCF and ZnVHCF@rGO. 2 mmol
V,0;5 is dissolved in 38 ml water mixed with 2 ml H,O,.
Subsequently, excess of zinc powder is added and the residue
is filtered out after obtaining a dark green color solution; the
green color solution obtained is recorded as liquid A. Then,
4 mmol K;Fe(CN)g is dissolved in 40 ml of deionized water,
which is recorded as liquid B. Finally, liquid B is slowly dripped
into liquid A and synthesized via a hydrothermal method at
150 °C for 8 h. The product is filtered and washed, then dried in
a vacuum oven at 60 °C for 12 h to obtain ZnVHCF. In
particular, the hydrothermal product with 3 mg ml™" of gra-
phene dispersion in liquid A is denoted as ZnVHCF@rGO.

2.2.3 Preparation of the electrolyte. The modified electro-
lyte is obtained by mixing 3 M Zn (CF3S03), and 0.1 M VO** in a
one-to-one ratio by volume.

2.3 Material characterization

A scanning electron microscope (SEM, ZEISS Sigma 300) and a
transmission electron microscope (TEM, FEI Tecnai F20) are
employed to observe the morphology, size and microstructure
of the materials. The X-ray diffraction (XRD) patterns of the
materials are obtained by using a Rigaku XRD-6100 ray dif-
fractometer. Fourier transform infrared spectroscopy (FT-IR)
analysis is performed using a Thermo Fisher Nicolet 1S20
infrared spectrometer. The Raman spectra are obtained using a
HORIBA Xplora Plus, Japan. Thermogravimetric analysis is carried
out using an integrated thermal analyzer (NETZSCH TG 209F3)
under an air atmosphere and the heating rate is 10 °C min™".
X-ray photoelectron spectroscopy (XPS) tests are performed using
a Thermo Scientific K-Alpha with Al Ko X-rays.

2.4 Electrochemical testing

The active material (synthetic samples), super-p and PVDF are
milled in a quality ratio of 7:2:1, and then dispersed into
NMP. A stainless steel mesh is used as a substrate to uniformly
coat the resulting slurry and then heated in a vacuum oven at
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60 °C for 12 h, and the quantity of the active material deposited
on the stainless-steel mesh is 1.5 mg cm 2 The synthetic
material acts as the cathode, the zinc metal foil is used as the
anode, the 3 M Zn(CF;S053), is used as the electrolyte, and the
separator is formed by glass fibers (Olegeeino GF/D) to assem-
ble CR2032 coin cells under an air atmosphere. Cyclic voltam-
mogram (CV) tests are conducted using a Koester electro-
chemical workstation, operating within a voltage window between
0.2 and 2.0 V. Constant-current charge/discharge (GCD) tests
and constant-current intermittent titration (GITT) tests of the
assembled coin cell are performed on a NEWARE-BTS-3008
battery test system in the equal voltage window.

3. Results and discussion
3.1 Characterization of materials

The preparation schematic diagram of ZnVHCF@rGO is shown
in Fig. 1. Firstly, the excess zinc powder as a reductant is added
into the V,05 solution and stirred to obtain a green solution,
and then the GO dispersion is added. Full ultrasonication and
stirring are performed to obtain a uniform dispersion. The
positively charged V** and Zn>" ions are electrostatically self-
assembled on negatively charged GO. Then, K;[Fe(CN)e] is
introduced into the above mixture via the hydrothermal
method. ZnVHCF nanoparticles are in situ grown on the rGO.
Finally, the product is obtained by washing and drying.

The micro-morphology of the material is characterized by
SEM and TEM. As shown in Fig. 2a, ZnHCF exhibits a typical
Prussian blue cubic structure with a size around 200-400 nm.*’
The diphasic Prussian blue ZnVHCF shows a smoother surface
(Fig. 2b), while a layer of VHCF grows on the surface of ZnHCF.
And the VHCF is composed of nano-particles with a size of
about 20-30 nm, which is the same as the SEM image of the
VHCF (Fig. S1, ESIT). The presence of VHCF provides additional
active sites and could increase the capacity. The ZnVHCF@rGO
image is shown in Fig. 2c, and it can be observed that rGO and
ZnVHCF form a cross-linked network. TEM images show that

GO dispersion liquid

Zn dust
ultrasonic
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1 t
a stirring
V105
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Fig. 1 Diagram of the cathode material preparation process.
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ZnVHCEF particles have uniform and well-anchored growth on
rGO sheets, forming well-crosslinked structures (Fig. 2c-f). The
introduction of rGO will reduce the resistance of the material
and enhance the kinetics of electric transfer.*® Furthermore, the
EDS images in Fig. 2g and Fig. S2 (ESIt) are analyzed and found to
have Zn, V, Fe, C, N and O elements with uniform distribution,
indicating the successful preparation of the material.

The XRD image of ZnVHCF is shown in Fig. 3a, which
indicates that it has a typical Prussian blue cubic structure,
and the diffraction peaks can be seen to be highly overlapping
with the face-centered cubic Vy sFe(CN)s>® and K,Zn;(Fe(CN)g),-
9H,0.*° The introduction of rGO will not change the crystal
structure of ZnVHCF. Fig. 3b demonstrates the FT-IR images of
ZnHCF, ZnVHCF and ZnVHCF@rGO, and there is no obvious
difference between the three samples. In particular, the absorp-
tion peaks at 3433 cm ™' and 1634 cm ™! are attributed to H-O-
H bending and O-H stretching modes, respectively, confirming
the presence of adsorbed water and crystal water.*" The absorp-
tion peak at 2094 cm ™' corresponds to the C=N stretching
vibration.** The peaks at 494 cm ™" and 596 cm™ ' are respec-
tively due to Fe~-CN-M bending and Fe-CN vibrations.”® In
contrast to ZnHCF, ZnVHCF and ZnVHCF@rGO show absorp-
tion peaks at 967 cm ™" attributed to V=0.** Fig. 3¢ shows the
Raman spectrum of ZnVHCF@rGO and graphene. It shows two
peaks at 1354 cm ™" and 1586 cm™ ', which can be attributed to
the D and G bands of the carbonaceous material, respectively.*®
Compared to the GO, ZnVHCF@rGO has a lower Ip/Ig value
(0.97), indicating that the material has higher extent of graphi-
tization by using the hydrothermal method, which ensures fast
electron transport and improves the electrochemical properties
of materials.’®*” As shown in Fig. S3 (ESIt), thermogravimetric
(TG) tests are carried out on the material to determine the
content of rGO, and the weight loss below 200° can be attrib-
uted to the evaporation of adsorbed water and crystal water
from the material. And the subsequent weight loss is attributed
to the decomposition of the material and rGO. By comparing
the two TG curves, it can be determined that the rGO content in
the material is approximately 8.93%.

K,FeCN,

hydrotherm:
150°C 8h

ZnVHCF@rGO

Q Zn? ) znHcF o VHCF
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200 nm

Fig. 2 SEM images of (a) ZnHCF, (b) ZnVHCF, and (c) ZnVHCF@rGO, (d)-(f) TEM images, and (g) EDS pattern of ZnVHCF@rGO.
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Fig. 3 (a) XRD patterns of ZnVHCF and ZnVHCF@rGO; (b) FT-IR spectra of ZnHCF, ZnVHCF and ZnVHCF@rGO; (c) Raman spectrum of ZnVHCF@rGO
and rGO; high-resolution XPS spectra of (d) V 2P and (e) Fe 2p and (f) Zn 2p for ZnVHCF and ZnVHCF@rGO.

Furthermore, X-ray photoelectron spectroscopy (XPS) is used
to determine the elemental composition and chemical state of
the prepared materials, identifying the presence of elements
such as Zn, Fe, O, N, K, and C in ZnVHCF and ZnVHCF@rGO

This journal is © The Royal Society of Chemistry 2025

(Fig. S4, ESIt). Fig. 3d shows the presence of two peak pairs
in the high resolution V 2p spectra. Specifically, for ZnVHCF,
the peaks V 2p;,, and V 2ps, are attributed to V** (522.8 eV/
515.6 €V), V** (523.5 e€V/516.3 eV) and V°* (525.2 €V/517.6 eV),
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respectively.*® In addition, the two pairs of peaks in the Fe 2p
spectrum decompose into 721.5 e€V/708.4 eV and 723.6 eV/
709.2 eV, corresponding to Fe** and Fe®" respectively** (Fig. 3e).
Moreover, there reveal two different peaks at 1021.9 eV and
1045.1 eV, corresponding to Zn 2ps, versus Zn 2p,, as shown
in Fig. 3f.>*° Compared to ZnVHCF, V*" is not detected and the Fe**
content is higher in ZnVHCF@rGO, which may be due to the
reduction of GO during the hydrothermal process leading to
oxidation of some V** with Fe**. In addition, there is a tiny shift
in the binding energy of V and Fe in ZnVHCF@rGO, which may be
caused by the charge transfer because of the introduction of rGO.

3.2 Electrochemical performance

The electrochemical performance of materials is tested by
assembling them into coin-type batteries and the electrolyte
is 3 M Zn(CF3S03),. As shown in Fig. S5a and b (ESIt), the
diphasic Prussian blue ZnVHCF has multiple redox peaks and
charge/discharge platforms, which is due to the introduction of
vanadium to provide multiple electron transfer. It can make up
for the low capacity caused by the single electron transfer of
ZnHCF. Fig. 4a demonstrates the CV images of ZnVHCF and
ZnVHCF@rGO, which can be clearly observed to have four pairs
of redox peaks. For ZnVHCF@rGO, the 1.12/0.91 V and 0.73/
0.54 V pairs can be assigned to the V**/V** and V**/V** redox
pairs, respectively, while the 1.84/1.71 V pair can be attributed
to the Fe’"/Fe®*** which is the same as in the GCD charge/
discharge platform. And the redox pairs at 1.12/0.91 V may
correspond to the de/insertion of H'. Compared to ZnVHCEF,
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ZnVHCF@rGO has a larger peak current, which is due to the
introduction of rGO. It increases the conductivity and improves
the electrochemical activity of the material. Additionally, this
multi-electronic redox reaction leads to multiple voltage pla-
teaus that can take full advantage of the crystal structure for
storage of inserted ions.>* Electrochemical test results show
that the diphasic Prussian blue ZnVHCF reaches a capacity of
96.7 mA h g~ " at a current density of 0.1 A g~*, while ZnHCF
reaches a capacity of only 62.4 mA h g~ (Fig. S5b, ESI{). This
is due to the presence of vanadium, which exhibits excellent
electrochemical activity and it could achieve multi-electron
transfer during redox reactions to enhance the specific capa-
city.*® After the introduction of VHCF, V serves as an active site,
providing additional capacity for the ZnHCF phase and signifi-
cantly improving the overall performance of the composite of
ZnVHCEF. In addition, ZnVHCF@rGO shows a higher specific
capacity of 152.3 mA h g~ " at 0.1 A g~ " (Fig. 4b). This is mainly
attributed to the crosslinked conducting network structure
formed by rGO and ZnVHCF, which provides good electron
transfer pathways and activates abundant carrier insertion
active sites,>® enhancing the electrochemical performance of
the material. Additionally, to further suppress the vanadium
dissolution problem in aqueous electrolytes, a synergistic mod-
ification of the electrolyte based on the principle of dissolution
equilibrium is performed. Specifically, the use of vanadium
solutes (VO>") as electrolyte additives can counteract vanadium
dissolution.>® As shown in Fig. S5c¢ and d (ESIf), it can be
observed that the introduction of the VO** additive enhances
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Fig. 4 (a) CV curves at 0.2 mV s~ and (b) GCD curves at 0.1 A g~* of ZnVHCF and ZnVHCF@rGO; (c) rate capability and (d) long-cycle performance

under 5 A g~* of materials.
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the peak of the V redox pair and improves the electrochemical
activity and capacity (166.8 mA h g~" at 0.1 A g~ '). And the
polarization is smaller, suggesting better reaction kinetics in
the electrolyte of 3 M Zn (CF5;S03), + 0.1 M VO**. In order to
examine the effect of VO*>* sol introduction in the electrolyte on
the ZnHCF phase, the CV curves of ZnHCF are obtained in the
two electrolytes, respectively (Fig. S6, ESIt). It can be seen that
the electrolyte containing 3 M Zn (CF3SO;), + 0.1 M VO**
exhibits more peaks compared with the electrolyte containing
3 M Zn (CF;3S03),. This could enable more electron transfer and
additional capacity due to the electrochemical activity of VO>*.
These findings are consistent with the results obtained for
ZnVHCF@rGO in both electrolytes (Fig. S5c, ESIf). This
indicates that the presence of VO** does not influence the
ZnHCF phase, while it enhances the reactivity of V in VHCF
and contributes additional capacity due to its intrinsic electro-
chemical activity.

The rate capability of the material is shown in Fig. 4c. With
the rise of current density from 0.1 to 5 A g ', the average
discharging capacities of ZnVHCF@rGO are 150.1, 126.7, 108.2,
89.4, 75.5, 65.4 and 54.1 mA h g~* for 0.1, 0.2, 0.5, 1, 2, 3 and
5 A g™, respectively. It is superior to both ZnVHCF and ZnHCF.
In addition, vanadium sol (VO>*) as an electrolyte additive
demonstrated a higher specific capacity under the same con-
ditions. These results indicate that the introduction of rGO and
the VO** additive makes the material have good multiplicative
properties and provides additional capacity. Long cycle tests of
materials at 5 A g " are illustrated in Fig. 4d. The initial
capacity of the ZnVHCF@rGO is 66.7 mA h g, and after
300 cycles it is 32.3 mA h g, with a capacity retention rate
of only 46.9%. The introduction of vanadium sol (VO**) as
an electrolyte additive increased the capacity retention rate at

View Article Online
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72.1% under the same conditions, which is improved by 25.2%.
The above results prove that the VO*" electrolyte additive can
inhibit the effect of vanadium dissolution on the performance
and improve the cycling stability of the material. Additionally,
the near-100% coulombic efficiency reflects the high invert-
ibility of the charging and discharging reactions.

In order to investigate the electrochemical kinetics of
ZnVHCF@rGO in the 3 M Zn (CF;80;), + 0.1 M VO*' electrolyte,
its plotted CV curves at different scan rates are shown in Fig. 5a.
The peak current (i) and scan rate (v) usually satisfy the
equation 7 = av’, where a and b are variables. b values close to
0.5 indicate that the reaction process is mainly controlled by
the diffusion of ions, while b equal to 1 indicates the predomi-
nant capacitive behavior.”® As shown in Fig. 5b, the b-values
obtained from the fitting of the three pairs of redox peaks are
0.63/0.58/0.63/0.91/0.71.0.69, which implies that ZnVHCF@
rGO is in synergy controlled by both diffusive and capacitive
behaviors, with capacitive behavior dominating the electrode
kinetics. In addition, the pseudocapacitive contribution to the
capacity is further calculated using the equation i = k;v + k"2,
where k,v denotes pseudocapacitive behavior and k"> denotes
diffusive behavior.”> The results are shown in Fig. 5c, from
which it can be observed that the pseudo capacitance contribu-
tion reaches 66% at a sweep rate of 0.2 mV s~ . And it increases
gradually with the increase in sweep rate and reaches 90.24%
at 1 mV s~ (Fig. 5d). This is mainly attributed to the fact that
high scan speeds usually cause an increase in electrochemical
polarization and that the zinc ions are not able to fully
(de)intercalate at the corresponding electrode potentials. Fast
Faraday reactions can only occur at or near the interface of the
electrode material, thus leading to an increase in the propor-
tion of capacitive contribution.*® The reaction kinetics of the
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ZnVHCF@rGO.
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electrodes are further investigated using EIS. As shown in
Fig. S7 (ESI{), the Nyquist plot demonstrates a concave semi-
circle in the high-frequency region and the linear portion in the
low-frequency. The former is related to the charge transfer
resistance (R..) and the latter is the Warburg impedance (W,,)
correlated with ion diffusion.>® Apparently, ZnVHCF@rGO has
the lowest R, indicating a smaller charge transfer impedance.
Furthermore, the ion diffusion kinetics of the material is
discussed using the GITT technique.>® As shown in Fig. 5e
and f, the ion-averaged diffusion coefficients (D) of ZnVHCF®@
rGO remained in the order of magnitude at 1077 to 10~ ',
which is higher than that of ZnVHCF (10~° to 10'") as shown
in Fig. S8 (ESIf). The above results demonstrate that the
presence of the rGO conductive network makes the material
have a low charge transfer resistance and a high diffusion
coefficient of zinc ions. It can improve the material conductivity
and enhance the charge transfer kinetics of ZnVHCF@rGO.
Using ex situ XRD, the structural evolution of ZnvVHCF@rGO
is investigated during charging and discharging processes and
the results are shown in Fig. 6a. The strong diffraction peak at
43.4° is attributed to the stainless-steel mesh substrate. Due to
the presence of diphasic Prussian blue, ZnVHCEF can utilize the
double backbone structure to extract/insert zinc ions. Specifi-
cally, the characteristic peak at 16.3° is attributed to the (113)

View Article Online
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crystal plane of ZnHCF. It can be noticed that the insertion of
zinc ions during discharge leads to the widening of the layer
spacing, and the peak essentially returns to the initial angle
after full charging. ZnHCF remains in its original phase without
multiphase transitions involving the disappearance of old
peaks and the appearance of new peaks.”” The insertion/
extraction of Zn>" only induces shifts in the peaks, leading to
expansion and contraction of the ZnHCF lattice and contribut-
ing to a stable long cycle. Additionally, the peak at 24.8° in the
XRD pattern belongs to the VHCF. During the first discharge,
the single peak at 24.8° splits into a doublet with the insertion
of zinc ions, indicating that the crystal structure of VHCF
changes from a cubic phase to a rhombic phase. And the
structure is maintained in the rhombic phase during charging.
Compared to the pristine state, the results show that the crystal
structure of VHCF changes from a cubic phase to a rhombic
phase after the charging/discharging process, and then the
ion insertion/extraction process is reversible in the rhombic
phase.*?

Meanwhile, the evolution of Zn, V and Fe valence states is
detected using the XPS technique to further analyze the char-
ging and discharging mechanism of ZnVHCF@rGO. Fig. 6¢
shows the variation of the V 2p peak in different states. When
discharged to 0.2 V, the portion of V°* and V*' is reduced to V**
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Fig. 6 (a)—(c) The corresponding XRD image of ZnVHCF@rGO during charge/discharge; XPS spectra of (d) V 2p and (e) Fe 2p during the charge/

discharge process for ZnVHCF@rGO.
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and V** to balance the charge due to the insertion of Zn>",
In contrast, when charged to 2.0 V, the V** peak disappears and
the valence state of V is dominated by V> and V**. Likewise, the
peak variation of Fe 2p in different states can also be observed
in Fig. 6e. When discharged to 0.2 V, it presents more Fe>* and
when charged to 2.0 V, the Fe®" signal is more pronounced.
In the XPS spectra of Zn 2p (Fig. S9, ESIY), it can be observed
that the intensity of the Zn peak when discharged to 0.2 V is
significantly higher than that at 2.0 V, indicating the successful
insertion of Zn*" into the cathode material. In contrast, the
intensity of the Zn peak is significantly weakened at 2.0 V,
suggesting reversible insertion and extraction of Zn>". And the
schematic of structural evolution and the processes of ion
insertion and extraction are illustrated in Fig. 7.

4. Conclusion

In summary, a diphasic Prussian blue material enhanced by
reduced graphene oxide conductive is designed in this study,
and exhibits superior electrochemical performance. V and Fe
enable multiple electron transfer during charging and dischar-
ging to achieve higher specific capacity. The introduction of the
rGO conductive network enables fast electron transfer and ion
diffusion. ZnVHCF@rGO shows a higher specific capacity of
152.3 mA h ¢ ' at 0.1 A g ' and good rate capability. Mean-
while, according to the principle of dissolution equilibrium, the
dissolution of the material is effectively inhibited, and the cycle
stability is improved by adding the VO>* electrolyte additive.
Additionally, it also provides additional capacity due to the
electrochemical activity of V. The multi-part synergistic effect
enhances the cycling performance and energy storage capacity
of ZnVHCF@rGO cathode materials (166.8 mA h g ' at
0.1 A g "). And it has specific capacity of 84.1 mA h g ' at
5 A ¢! with a capacity retention of 72.1% after 300 cycles.
Finally, it was utilized to reveal the reaction mechanism and
structural stability of the ZnVHCF@rGO electrode by ex situ
characterization. This work could provide new insights for

This journal is © The Royal Society of Chemistry 2025

exploring effective cathode materials for aqueous zinc ion
batteries based on PBAs.
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