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Abstract: To explore high-performance cathode materials for aqueous ammonium ion batteries (AAIBs), vanadium- 
based Prussian blue analogue composites (VFe-PBAs) were prepared by hydrothermal coprecipitation method to 
enhance the reversible storage of NH4

+. Benefiting from the stable three-dimensional structure and spacious gap  
position, VFe-PBAs-2 cathode displays excellent electrochemical activity and rate performance, achieving a high 
specific capacity of 84.3 mA·h/g at a current density of 1000 mA/g. In addition, VFe-PBAs-2 cathode also shows 
impressive long-term cycle durability with 85.2% capacity retention after 3×104 cycles at 5000 mA/g. The synthesized 
cathode materials combined with the high electrochemical activity of vanadium ions significantly promote the rapid 
transfer of NH4

+. Furthermore, NH4
+ embedding/extraction mechanism of VFe-PBAs-2 cathode was revealed by 

electrochemical kinetics tests and advanced ex-situ characterizations. The experimental results demonstrate that 
vanadium-modified VFe-PBAs-2 as a cathode material can remarkably improve the capacity, electrochemical activity 
and cycling stability of AAIBs to achieve high performance NH4

+ storage. 
Key words: energy storage; aqueous ammonium ion battery; Prussian blue analogues; rate performance; cycling 
stability 
                                                                                                             
 
 
1 Introduction 
 

Considering the growing environmental 
pollution and energy crisis associated with the 
burning of fossil fuels, the development and search 
for sustainable and clean energy sources are the 
main trends to solve these problems. Despite the 
huge commercial success of rechargeable lithium 
ion batteries (LIBs), the flammability of organic 
electrolytes used in LIBs may cause safety 
problems, thus hindering their further application in 

grid-scale energy storage [1,2]. The advanced 
electrochemical energy conversion and storage 
systems should have the advantages of being easy 
to prepare, environmentally friendly, and highly 
efficient. Rechargeable batteries based on aqueous 
electrolytes have garnered significant interest due  
to their inherent safety, cost-effectiveness, and 
environmental friendliness. They are considered as 
promising devices to effectively integrate clean 
energy sources such as solar and wind with smart 
technologies [3−5]. 

Significant efforts have been devoted to the 
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development of aqueous batteries utilizing metallic 
ions such as Li+, Na+, Zn2+, Mg2+, and Al3+ as 
charge carriers [6−9]. In contrast to these metal ions, 
non-metallic NH4

+ serves as a charge carrier with 
abundant synthetic resources, relatively small 
hydrated ion size (3.31 Å), low molar mass 
(18 g/mol), and fast diffusion kinetics. The 
tetrahedral structure of NH4

+ exhibits unique 
intercalation behavior due to the formation and 
breakage of hydrogen bonds, which contributes to 
achieving excellent electrochemical performance 
[10,11]. In aqueous ammonium ion batteries 
(AAIBs) systems, Prussium blue analogue 
composites (PBAs) are widely used as electrode 
materials for energy storage of alkali metal ions 
owing to their large open framework and abundant 
ionic insertion sites [12,13]. The synthesis of PBAs 
does not require a high-temperature calcination 
process or expensive precursors, which can  
reduce the manufacturing cost of PBAs to some 
extent [14−17]. Generally, PBAs can be obtained  
by co-precipitation, electrochemical deposition,  
ball milling, etc. Among them, the simple 
co-precipitation method is widely used to prepare 
host PBAs for AAIBs, with the potential for 
large-scale applications. The representative formula 
for PBAs is AxLy[M(CN)6]z−n·H2O, where A 
represents alkali metal ions or NH4

+, and L and M 
typically represent transition metal ions [18,19]. 
Rational element substitution can significantly 
improve the electrochemical properties of PBAs. 
Some substitution elements can act as pillars in  
the framework, preventing the lattice strain and 
suppressing large volume changes, thereby greatly 
improving structural stability. The lattice properties 
and redox behaviors can be modified by replacing 
the N-coordinating metal with one or more other 
elements [20,21]. YANG et al [22] reported an 
aqueous rechargeable copper−ammonium hybrid 
battery (N-CuHCF) with an operating mechanism 
consisting of a reversible NH4

+ insertion/extraction 
reaction at the cathode and a copper plating/ 
stripping reaction at the anode. The unique 
operating mechanism offered a long cycle life 
(more than 1×104 cycles). Even with a high mass of 
N-CuHCF at the cathode (0.2 A/g), the N-CuHCF 
exhibited high specific capacity and long-life 
characteristics (1000 cycles) with a capacity 
retention of 65%. FAN et al [23] prepared a series 
of CuxNi2−xFe(CN)6 cathodes for AIBs. The copper 

content in nickel hexacyanoferrate increased the 
reaction potential and capacity. The Cu0.4Ni1.6- 
Fe(CN)6 cathode exhibited the best cycling 
performance (97.54% capacity retention at 0.3C) 
and the highest rate capacity (41.4 mA·h/g at 10C). 

In this study, vanadium-based PBAs (VFe- 
PBAs) materials were prepared by a simple 
hydrothermal co-precipitation method. The energy 
storage mechanism of VFe-PBAs-2 in AAIBs was 
further investigated by ex-situ XRD and ex-situ 
XPS measurements. Active sites of V4+/V5+, 
Fe2+/Fe3+, and structural stability promote the 
efficient electrochemical properties of VFe-PBAs-2. 
The conversion of the V and Fe elements between 
different valence states not only provides abundant 
redox reaction paths but also optimizes the internal 
electrochemical environment so that AAIBs can 
maintain high stability and efficiency during 
charging and discharging processes. Therefore, 
VFe-PBAs-2 as a cathode material exhibits 
excellent long-term cycling stability in AAIBs, 
retaining both 85.2% of its high specific capacity 
after 3×104 cycles at 5000 mA/g and superior rate 
capacity. This work provides a new strategy for 
preparing high-performance cathodes by using 
PBAs materials. 
 
2 Experimental 
 
2.1 Materials and chemicals 

All chemicals were used without further 
purification. Ammonium metavanadate (NH4VO3, 
≥99.0%), potassium ferricyanide (K3[Fe(CN)6], 
≥98.0%), oxalic acid (H2C2O4, ≥98.0%), and 
ammonium sulfate ((NH4)2SO4, ≥98.0%) were 
purchased from Aladdin Reagent Co., Ltd. 
(Shanghai, China). Ethanol, polytetrafluoroethylene 
(PTFE) and carbon paper were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 
China). 
 
2.2 Material preparation 

Synthesis of VFe-PBAs-2: The VFe-PBAs-2 
materials with the lamellar cubic structure were 
synthesized by hydrothermal co-precipitation method. 
Briefly, 4 mmol of NH4VO3 and 4 mmol of 
K3[Fe(CN)6] were mixed with 70 mL of ultrapure 
water. Then, 10 mmol of anhydrous oxalic acid was 
added and the mixture was stirred uniformly for 
30 min. The mixture was transferred to a 100 mL 
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Teflon-lined stainless-steel autoclave, followed by 
hydrothermal treatment at 180 °C for 8 h. After 
natural cooling, the resulting products were 
centrifuged several times with deionized water and 
ethanol, and then dried under vacuum at 60 °C 
overnight. The final powder products were named 
VFe-PBAs-2. 

Synthesis of VFe-PBAs-1: The procedure was 
the same as that for VFe-PBAS-2 except that 
2 mmol of NH4VO3 is used, while all other reaction 
parameters remain unchanged. 

Synthesis of VFe-PBAs-3: The procedure was 
the same as that for VFe-PBAs-2 except that 
8 mmol of NH4VO3 is used, while all other reaction 
parameters remain unchanged. 
 
2.3 Material characterization 

Scanning electron microscopy measurement 
(SEM) was carried out with a Super 55 field 
emission scanning electron microscope. Transmission 
electron microscopy (TEM) images were collected 
using a Talos F200X transmission electron 
microscope. The crystal structure was determined 
by X-ray diffraction (XRD, Rigaku Smarlab) with a 
2D detector (Cu Kα radiation, λ=1.5418 Å) in a 
continuous scan mode at a speed of 5 (°)/min. The 
elemental species and valence states within the 
material were identified by X-ray photoelectron 
spectroscopy (XPS, ESCALAB 250Xi). Raman 
spectra of the samples were obtained on a Micro- 
Raman spectrometer (LABRAM-HR confocal laser) 
using an argon laser with a wavelength of 514.5 nm. 
Fourier transform infrared (FT-IR) spectra were 
recorded on a Thermo Fisher Nicolet 6700 FT-IR 
spectrometer. Thermogravimetric analysis (TGA) 
was performed using an SDT Q600. An inductively 
coupled plasma emission spectrometer (ICP-OES, 
Thermo ICAP PRO) was used. 
 
2.4 Electrochemical measurements 

A homogeneous slurry containing the active 
substance, acetylene black and PTFE (taken in a 
mass ratio of 7꞉2꞉1) and an appropriate amount of 
anhydrous ethanol was coated on 1 cm × 1.5 cm 
carbon paper. The electrode area was 1.5 cm2. The 
mass loading of the active substance on the 
electrode was around 2.5 mg/cm2, and the thickness 
of the working electrode was about 30 μm. Then, 
vacuum drying was carried out at 80 °C for 12 h  
to form a working electrode. The electrochemical 

performance of VFe-PBAs electrodes was examined 
in a three-electrode system consisting of a working 
electrode (active material), a counter electrode (Pt 
sheet), and a reference electrode (saturated calomel 
electrode (SCE, φ=0.244 V (vs standard hydrogen 
electrode, SHE)). The electrolyte of the VFe-PBAs 
electrode was the homogeneous solution of 
1.0 mol/L (NH4)2SO4 solution. Cyclic voltammetry 
(CV) measurements were carried out on the 
CHI602E electrochemical workstation (Chenhua 
Instrument, Shanghai, China). The galvanostatic 
charge−discharge (GCD) performance test was 
conducted in the same voltage range on the Neware 
(Shenzhen, China). Electrochemical impedance 
spectroscopy (EIS) test was performed on a Zahner 
electrochemical workstation (Germany) with a 
frequency from 100 kHz to 0.01 Hz. 
 
3 Results and discussion 
 
3.1 Microstructure and composition of VFe- 

PBAs materials 
The morphology of VFe-PBAs can be 

investigated through SEM and TEM tests. SEM 
images of all samples display cubic structures with 
relatively uniform size (Figs. 1(a−f)), indicating 
that they have inherited a stable three-dimensional 
framework of PBAs. Interestingly, VFe-PBAs-2 
exhibits the best cubic morphology distribution 
compared to VFe-PBAs-1 and VFe-PBAs-3, 
suggesting that the proportion of precursors could 
effectively optimize the microstructure of the 
sample [24−26]. TEM was utilized to further 
observe the morphology of VFe-PBAs-2 (Figs. 1(g) 
and (h)), and VFe-PBAs-2 is composed of multiple 
lamellae stacked vertically and horizontally to form 
a cube. The distinct layered structure significantly 
increases the specific surface area of the material, 
providing a larger electrolyte−electrode interface 
for NH4

+ storage and allowing rapid charge transfer 
and ion diffusion. High-resolution TEM image 
shows no obvious lattice fringes and diffraction 
spots, which may be related to the density and 
thickness of the samples (Fig. 1(i)). Energy 
dispersive spectroscopy (EDS) mappings prove the 
homogeneous distribution of V, Fe, N, and C 
elements throughout the cube of VFe-PBAs-2 
(Fig. 1(j)). 

The crystal structures of VFe-PBAs-1, 
VFe-PBAs-2, and VFe-PBAs-3 were determined by 
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Fig. 1 SEM images of VFe-PBAs-1 (a, b), VFe-PBAs-2 (c, d), and VFe-PBAs-3 (e, f); TEM images (g, h), high- 
resolution TEM image (i), and corresponding EDS mappings (j) of VFe-PBAs-2 
 
XRD analysis. As shown in Fig. 2(a), the positions 
of the characteristic diffraction peaks of all samples 
are in general agreement with the standard card of 
JCPDS No. 42-1440 [13,27], indicating that the 
fabricated materials are pure and well crystallized. 
All XRD peaks exhibit their typical face-centered 
cubic (FCC) structure with the space group of 

3Fm m  and the same (200), (220), (400), (420), 
(422), (440), (600), and (620) crystal planes without 
any additional diffraction peaks. The results 
demonstrate that all the synthesized VFe-PBA 
materials are high-purity and free from impurities. 
The lattice constants (a=b=c) of the prepared 
samples are 10.14 Å (VFe-PBAs-1), 10.18 Å 
(VFe-PBAs-2), and 10.10 Å (VFe-PBAs-3), which 

can be calculated from the XRD results. The lattice 
constants of the samples are slightly different from 
the standard cards, indicating that their crystals  
may contain different amounts of K+ inside to 
occupy the lattice sites of the VFe-PBAs cathode 
materials [13,28]. 

The FT-IR spectra show the unique chemical 
bonding of the VFe-PBAs materials (Fig. 2(b)).  
The absorption from 550 to 650 cm−1 corresponds    
to the stretching vibrations of Fe—CN. The peaks 
located at 2098 and 968 cm−1 can be attributed    
to the vibrations of —C≡N and V=O bonds, 
respectively [29−31]. It is worth noting that the 
stretching vibration peak of O—H at 3425 cm−1  
and the bending vibration peak of H—O—H at 
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Fig. 2 XRD patterns (a), FT-IR spectra (b) and TGA curves (d) of different VB-PBAs, and Raman spectrum of 
VFe-PBAs-2 (c) 
 
1625 cm−1 demonstrate the existence of interstitial 
water in the VFe-PBAs lattice [32]. The bonding 
structure of the VFe-PBAs-2 sample was further 
confirmed by Raman spectrum (Fig. 2(c)). The 
characteristic peaks between 150 and 350 cm−1 are 
associated with the deformation vibrations of     
C—Fe—C and Fe—C≡N—V. The stretching 
vibrations of the Fe—C bond can be assigned to 
533.7 and 600 cm−1. The peaks at 2050−2250 cm−1 
are ascribed to the vibrations of the —C≡N 
functional group associated with Fe ions in different 
oxidation states [33]. TGA and ICP-OES were 
applied to assessing the absorbed and crystalline 
water content of VFe-PBAs. The significant mass 
losses of 11.5%, 9.1%, and 10% for VFe-PBAs-1, 
VFe-PBAs-2, and VFe-PBAs-3, respectively at 
~200 °C can be attributed to the removal of 
crystalline and absorbed water, respectively 
(Fig. 2(d)) [13,33]. Based on the results obtained 
from TGA and ICP-OES, we can deduce the 
chemical formula of the synthesized sample as 
follows: K0.24V0.38[Fe(CN)6]·1.74H2O for VFe-PBAs-1, 

K0.22V0.46[Fe(CN)6]·1.36H2O for VFe-PBAs-2, and 
K0.21V0.67[Fe(CN)6]·1.6H2O for VFe-PBAs-3 (Table 1). 
 
Table 1 ICP-OES test data of VFe-PBAs materials 

Material 
Content/wt.% 

K V Fe 

VFe-PBAs-1 3.4 7.1 20.6 

VFe-PBAs-2 3.2 8.7 20.9 

VFe-PBAs-3 2.9 12 19.8 

 
XPS was used to determine the elemental 

composition and surface chemical state of the 
VFe-PBAs. Figure 3(a) confirms the presence of 
elements Fe, O, V, C, and N. The high-resolution 
O 1s spectrum reveals the presence of multiple 
chemical states of oxygen in the sample, and the 
peaks located at 529.7, 531.1, and 532.7 eV 
correspond to O2− in V=O, crystal H2O, and 
adsorbed H2O from the environment, respectively 
(Fig. 3(b)) [34−36]. The Fe 2p spectrum exhibits  
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Fig. 3 XPS survey spectrum (a) and corresponding high-resolution XPS spectra (b−e) of VB-PBAs-2 
 
two peaks of Fe2+ (721.2 eV for Fe2+ 2p1/2 and 
708.3 eV for Fe2+ 2p3/2), and Fe3+ (722.6 eV for 
Fe3+ 2p1/2 and 709.0 eV for Fe3+ 2p3/2). Besides, 
there are two satellite peaks at 725.61 and 713.4 eV 
belonging to Fe 2p1/2 and Fe 2p3/2, respectively 
(Fig. 3(c)) [33,37]. For the V 2p spectrum, the 
peaks of both V 2p3/2 and V 2p1/2 can be assigned  
to V5+ (516.7 and 524.2 eV) and V4+ (522.8 and 
516.1 eV), respectively (Fig. 3(d)). It can be 
confirmed that the prepared VFe-PBAs-2 contains 
both V5+ and V4+ [38]. The C 1s spectrum displays 
the presence of C—C (284.7 eV), C—N (285.6 eV), 
and O—C=O (288.4 eV) (Fig. 3(e)) [39]. The N 1s 

spectrum is deconvoluted into three peaks centered 
at 397.8, 399.6, and 402.8 eV, which can be 
attributed to C—N, V—N, and —C≡N bonds in 
[Fe(CN)6]4−, respectively (Fig. 3(f)) [13]. The molar 
fraction of the elements is shown in Table 2. The 
Fe/N molar ratio demonstrates that Fe is present not 
only in [Fe(CN)6]4− but also in other forms, such as 
coupling with V [23,26]. Some oxygen elements 
combine with vanadium to form VO2+; some of 
VO2+ is generated from water introduced during 
hydrothermal reactions [39]. From the above results, 
it can be concluded that the VFe-PBAs materials 
have been successfully fabricated. 
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Table 2 Contents of elements (C, N, O, V, Fe) in VFe- 
PBAs measured by XPS 

Element Content/at.% 

C 1s 44.58 

N 1s 33.51 

O 1s 10.10 

V 2p 2.70 

Fe 2p 8.01 

K 2p 1.21 

 
3.2 Electrochemical performance of VFe-PBAs 

as cathodes 
Subsequently, the electrochemical performance 

of VFe-PBAs as cathodes in AAIBs was detailly 
investigated. Figure 4(a) displays the CV curves of 
the three cathodes at a scan rate of 0.1 mV/s. All the 
VFe-PBAs cathode materials have similar curves 
with a pair of distinct oxidation and reduction  
peaks at around 0.23 and 0.185 V (vs SCE), as well 
as a pair of redox peaks with insignificant    
peaks between 0.7 and 1 V (vs SCE). Among them,  

 

 
Fig. 4 (a) CV curves of VFe-PBAs; (b) CV curves of VFe-PBAs-2 of initial three cycles at 1.0 mV/s; (c−e) GCD curves 
of VFe-PBAs-1, VFe-PBAs-2 and VFe-PBAs-3 at various current densities from 100 to 5000 mA·h/g, respectively;   
(f) GCD curves of VFe-PBAs-2 at 5000 mA/g and different cycles 
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VFe-PBAs-2 shows the smallest potential 
difference between the oxidation and reduction 
peaks, which is favorable for the reversible 
insertion and extraction of NH4

+ and smaller 
polarization. It is important to mention  that the 
CV curves of the first three cycles of VFe-PBAs-2 
perfectly overlap (Fig. 4(b)), indicating that VFe- 
PBAs-2 has excellent structural reversibility. The 
reduction and oxidation processes at 0.183 and 
0.231 V (vs SCE) correspond to the Fe2+/Fe3+ and 
V4+/V5+ redox processes, respectively. According to 
previous reports [32,40], the reduction and 
oxidation peaks are assumed to be related to the 
reversible electrochemical reactions of Fe(II)  
Fe(III)+e, and [V(IV)O2H]+ [V(V)O2]++H++e, 
respectively. Several redox processes occur in the 
VFe-PBA-2 cathode, facilitating electron storage 
processes [40,41]. Figures 4(c−e) present the  
GCD curves of VFe-PBAs-1, VFe-PBAs-2, and 
VFe-PBAs-3 at different current densities from 100 
to 5000 mA/g, respectively. It can be observed that 
the trend of charge−discharge curves is similar, and 
the charge−discharge platform at around 0.3 V (vs 
SCE) gradually shrinks with increasing current 
density. The initial galvanostatic charge−discharge 
specific capacities of the three electrode materials at 
100 mA/g are 105.8/120 mA·h/g, 121.2/122.4 mA·h/g, 
and 112.7/120.9 mA·h/g, respectively, with the 
corresponding coulombic efficiencies of 87.9%, 
99.0%, and 93.2%. VFe-PBAs-2 exhibits a pair of 
more pronounced potential plateaus, along with 
higher capacity and coulombic efficiency, in 
comparison to the other two cathodes. This implies 
that VFe-PBAs-2 possesses a more stable 
framework structure. Figure 4(f) shows the cycling 
behavior of VFe-PBAs-2 at 5000 mA/g. The GCD 
curves of the first three cycles almost completely 
overlap. The specific capacity of VFe-PBAs-2 
decreases only slightly in the 100th and 1000th 
cycles, reflecting good cycling stability and 
excellent structural stability. 

To further demonstrate the advantageous 
properties of VFe-PBAs-2 as a cathode, the rate 
performance of VFe-PBAs was tested at different 
current densities from 100 to 5000 mA/g, as shown 
in Fig. 5(a). It is clear that VFe-PBAs-2 exhibits the 
highest specific capacity at each current density, 
with reversible discharge/charge specific capacities 
at 100, 500, 1000, 2000, 3000, and 5000 mA/g 

being 121.1/122.4, 92.5/91.5, 84.3/83.8, 75.8/75.6, 
70.3/70.1, and 63.0/62.9 mA·h/g, respectively. 
During the current density recovery from 5000 to 
100 mA/g, the discharge capacity remains at 
102.5 mA·h/g without significant reduction. At a 
current density of 100 mA/g, the charge specific 
capacity exceeds the discharge specific capacity and 
exhibits a decreasing trend over 10 cycles. The 
phenomenon can be attributed to the insufficient 
time available for the VO2+ VO2

+ reaction, leading 
to the significant loss of vanadium ions. At high 
current densities, the trend remains stable without 
any observable capacity drop, and the discharge− 
charge specific capacities of the samples remain 
constant, demonstrating their excellent ammoniation/ 
de-ammoniation performance. As shown in Fig. 5(b), 
the VFe-PBAs electrodes show superior cycling 
performance at 5000 mA/g. The discharge 
capacities of the VFe-PBAs-1, VFe-PBAs-2, and 
VFe-PBAs-3 electrodes are 46.4, 59.2, and 
40.1 mA·h/g, respectively, with capacity retention 
rates of 84%, 98.2%, and 91.5% after 5000 cycles. 
VFe-PBAs-2 displays not only the best specific 
capacity but also the best capacity retention. This 
can be attributed to its more stable lattice structure 
and sufficiently large pore space, which facilitate 
rapid kinetics of NH4

+. The cycling performance 
curves occasionally fluctuate due to environmental 
factors that affect the diffusion and transport rates 
of NH4

+. The VFe-PBAs-2 cathode also exhibits 
remarkable long-term cycling performance at a high 
current density of 5000 mA/g (Fig. 5(c)). It can 
maintain a discharge capacity of 51.3 mA·h/g with 
a capacity retention rate of 85.2% (the initial 
capacity is 60.6 mA·h/g) after 3×104 cycles. 
Additionally, the coulombic efficiency of the 
cathode can remain at 100% after the initial cycles. 
The loss of capacity is almost negligible when 
evenly distributed over each cycle. These results 
show that VFe-PBAs-2 material has good capacity 
retention and outstanding coulombic efficiency 
after repeated cycling, demonstrating the structural 
stability and the potential for the practical 
application. 

In order to assess the reaction kinetics of the 
VFe-PBAs cathodes in AAIBs, CV measurements 
were conducted at different scan rates (Figs. 6(a−c)). 
The CV curves of all samples have similar redox 
peaks. Increasing the scan rate causes the current 
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Fig. 5 (a, b) Rate capability and cycling performance of VFe-PBAs, respectively; (c) Long-term cycling capacity of 
VFe-PBAs-2 at 5000 mA/g (the inset is the schematic illustration of NH4

+ insertion/extraction into/from VFe-PBAs-2) 
 
region and redox peaks to shift to higher or lower 
potentials, which is attributed to the effect of 
internal polarization of the VFe-PBAs cathode. 
Equations (1) and (2) describe the relationship 
between peak current (I) and scan rate (v) of the CV 
curves [42]: 
 
I=avb                                      (1)  
lg I=b lg v + lg a                         (2)  
where a and b are constants. 

The reaction process is primarily controlled by 
ion diffusion when the value of b approaches 0.5. 
On the other hand, when the b value reaches      
1, the corresponding electrochemical behavior is 
primarily governed by capacitance. The b values of 
Peaks 1 and 2 of the VFe-PBAs-1, VFe-PBAs-2, 
and VFe-PBAs-3 samples are calculated to be 
0.70/0.76, 0.75/0.70, and 0.63/0.68, respectively, by 
fitting the lg I−lg v plots of the two peaks 
(Figs. 6(d−f)). Therefore, the reaction process of  
the VFe-PBAs is controlled by both pseudo- 
capacitance contribution and Faraday diffusion. 

Specifically, Faraday diffusion dominates at low 
current densities, while pseudocapacitance controls 
at high current densities, thereby contributing to  
the excellent rate performance and long cycling 
stability of the VFe-PBAs electrodes. To probe the 
capacitance contribution to the overall cell system, 
the pseudocapacitance contribution and the 
diffusion contribution percentages are calculated as 
follows [43]: 
 
I=k1v+k2v1/2                                (3)  
I/v1/2=k1v1/2+k2                            (4) 
 
where k1 and k2 are constants, k1v is the 
pseudocapacitance contribution, and k2v1/2 is the 
diffusion contribution. As shown in Figs. 6(g−i), the 
pseudocapacitance contribution of all cathodes 
increases with increasing the scan rate. The pseudo- 
capacitance contributions of VFe-PBAs-2 increase 
from 54.1% to 84.4% with increasing the scan rate 
from 0.1 to 2 mV/s, indicating that surface- 
controlled processes primarily govern the 
electrochemical reactions. 
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Fig. 6 CV curves of VFe-PBAs-1 (a), VFe-PBAs-2 (b), and VFe-PBAs-3 (c) at different scan rates (0.1−2.0 mV/s); 
lg I − lg v curves of VFe-PBAs-1 (d), VFe-PBAs-2 (e), and VFe-PBAs-3 (f) at specific peak current; Capacity 
contributions of VFe-PBAs-1 (g), VFe-PBAs-2 (h), and VFe-PBAs-3 (i) 
 

The charge transfer and diffusion kinetics of 
the VFe-PBAs cathodes are investigated using  
EIS measurements (Fig. 7(a)). All curves exhibit  
a diagonal line in the low-frequency region, 
associated with the Warburg resistance (Zw),    
and a semicircle in the high-frequency region, 
corresponding to the charge transfer impedance 
(Rct). The intercept of the high frequency region at 
the real axis attributes to a solution resistance (Rs). 
Based on the equivalent circuit diagram in Fig. 7(b), 
the values of Rct of VFe-PBAs-1, VFe-PBAs-2, and 
VFe-PBAs-3 cathodes are calculated to be 63, 31, 
and 123 Ω, respectively. VFe-PBAs-2 has the 
smallest Rct among all the samples, proving that  
the vanadium element doped with the three- 
dimensional skeleton in the appropriate proportion 
to synthesize VFe-PBAs materials is conducive to 
improving the electrochemical reactivity. The NH4

+ 
diffusion coefficient (D) of VFe-PBAs electrode 

materials can be evaluated using the following 
equations [43,44]:  

2 2

2 4 4 2 2=
2

R TD
A n F C σ

                      (5) 

1/2
re ct s= + +Z R R σω −                       (6) 

 
where R is the molar gas constant; T is the 
thermodynamic temperature; A is the electrode 
surface area; n is the charge transfer number; F is 
the Faraday constant; C is the concentration of  
NH4

+; σ is the Warburg factor; Zre is the real part   
of the impedance; ω is the angular frequency.   
The relationship between Zre and ω−1/2 is fitted in 
Fig. 7(c). The calculated NH4

+ diffusion coefficients 
of the VFe-PBAs-1, VFe-PBAs-2, and VFe-PBAs-3 
cathodes are 4.13×10−13, 4.87×10−13, and 
3.83×10−13 cm2/s, respectively. VFe-PBAs-2 shows 
the highest diffusion coefficient, indicating its 
superior electrochemical NH4

+ storage capacity. 
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3.3 Reaction mechanisms of VFe-PBAs as cathodes 
As the reaction progresses, NH4

+ insertion/ 
extraction in VFe-PBAs can cause changes in the 
electrode structure. The structural evolution of NH4

+ 
in VFe-PBAs was investigated by measuring the 
ex-situ XRD patterns of VFe-PBAs-2 under 
different charge−discharge processes. As shown in 
Figs. 8(a) and (b), all XRD patterns remain 
invariable, and no new peaks are formed, revealing 
that VFe-PBAs-2 maintains its cubic structure 
throughout the NH4

+ insertion/extraction process, 

corresponding to the quasi-solid solution reaction 
[27,45]. The amplified diffraction peaks of different 
crystal planes are shown in Fig. 8(c). During the 
discharge process, with the NH4

+ embedding in the 
VFe-PBAs lattice, the XRD peaks shift to higher 
angles during NH4

+ insertion, indicating lattice 
contractions in VFe-PBAs-2. During the charge 
process, NH4

+ departs from the VFe-PBAs-2 lattice, 
and XRD peaks shift to a low angle and return to 
their original state, demonstrating lattice expansion 
[46,47]. It is worth mentioning that the continuous  

 

 
Fig. 7 Nyquist plots (a), equivalent circuit diagram (b), and Zre−ω−1/2 curves (c) of VFe-PBAs materials 
 

 

Fig. 8 (a) Ex-situ XRD patterns under charge (from 0 to 1.0 V) and discharge (from 1.0 to 0 V) states and enlarged 
XRD patterns; (b) Corresponding GCD curve; (c) Contour maps of ex-situ XRD patterns with (200) and (220) crystal 
planes of VFe-PBAs-2 
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shift of diffraction peaks indicates the shrinkage 
and expansion of lattice volume, which is related to 
the Fe—C bond distance in the VFe-PBAs-2 lattice. 
Specifically, the lattice contraction that occurs 
during the discharge process is due to the reduction 
of Fe3+ to Fe2+, leading to the contraction of the   
Fe — C distance in the lattice framework of 
VFe-PBAs-2 after the insertion of NH4

+. During the 
charge process, the angle returns to the initial state 
and NH4

+ is removed from the VFe-PBAs-2 lattice, 
increasing the Fe—C bond distance and expansion 
of the VFe-PBA lattice-2 (Fig. 9) [42,48]. The high 
reversible evolution of the VFe-PBAs-2 structure 
during charge and discharge processes is the 
inherent embodiment of excellent cycle performance. 

To further investigate the electrochemical 
storage mechanism of VFe-PBAs-2, ex-situ XPS 
characterization was used to monitor the chemical 
states of components in VFe-PBAs-2 electrodes at 
different charge−discharge states. As the discharge 
progresses (Figs. 10(a−c)), the area of the V5+ 2p 
peak reduces, and the area of the V4+ 2p peak 
increases. The peak of V5+ 2p disappears when 
discharged to 0.01 V (vs SCE), indicating that the V 
element is involved in electrochemical redox 
reactions through the (de)insertion of NH4

+ [49]. 
Similarly, the area of the Fe2+ 2p region decreases  

 

 
Fig. 9 Schematic illustration of changes in Fe—C bond 
distance during NH4

+ insertion/extraction into/from 
VFe-PBAs-2 
 
while that of the Fe3+ 2p region increases during the 
charge process, demonstrating that Fe2+ in the 
framework is oxidized to Fe3+ during the NH4

+ 
extraction process (Figs. 10(d−f)); upon further 
discharging to 0.01 V (vs SCE), the peak intensity 
ratio of the Fe2+/Fe3+ is reversibly enhanced, 
reflecting the reversibility of the NH4

+ intercalation 
process [50,51]. These results prove that the highly 
reversible redox reaction and stable lattice structure 
are crucial for the outstanding electrochemical 
performance of VFe-PBAs-2. 

 

 
Fig. 10 Ex-situ XPS spectra of V 2p (a−c) and Fe 2p (d−f) for VFe-PBAs-2 



Tao-tao LI, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3093−3107 3105 

 
4 Conclusions 
 

(1) The vanadium-doped VFe-PBAs cathode 
materials were prepared by the hydrothermal 
co-precipitation method and evaluated in AAIBs. 

(2) In the experimental screening, VFe-PBAs-2 
displays a more prominent electrochemical 
performance, suggesting that the introduction of 
appropriate vanadium ions can remarkably increase 
the capacity, electrochemical kinetics, and cycling 
stability of batteries. 

(3) Specifically, the VFe-PBAs-2 material 
delivers a superior discharge specific capacity of 
121.2 mA·h/g at a current density of 100 mA/g and 
excellent rate performance with as high as 98.2% 
capacity retention after 5000 cycles at 5000 mA/g. 

(4) The energy storage mechanism of NH4
+ of 

the electrode material is validated by electro- 
chemical measurements combined with ex-situ 
XRD and XPS results. The VFe-PBAs-2 materials 
exhibit highly reversible structural evolution during 
the charge and discharge processes, facilitating  
ion transport and thus enhancing electrochemical 
activity. 
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用于水系铵离子电池正极材料的钒基普鲁士蓝类似物的 

制备、电化学性能及储能机理 
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摘  要：为了探索用于水系铵离子电池(AAIBs)的高性能正极材料，采用水热共沉淀法制备钒基普鲁士蓝类似物

复合材料(VFe-PBAs)，旨在提高 NH4
+
的可逆存储能力。得益于其稳定的三维结构和宽敞的间隙位置，VFe-PBAs-2

正极表现出极优的电化学活性和倍率性能，在 1000 mA/g 的电流密度下达到了 84.3 mA·h/g 的高比容量。此      

外，VFe-PBAs-2 正极表现出极佳的长期循环稳定性，在 5000 mA/g 的条件下，经过 3×104 次循环后，容量保持率

依然高达 85.2%。所合成的正极材料结合了钒离子的高电化学活性，显著促进了 NH4
+
的快速传输。此外，通过电

化学动力学测试和先进的非原位表征手段揭示了NH4
+
在VFe-PBAs-2正极材料中的嵌入/脱出机理。实验结果表明，

钒改性的 VFe-PBA-2 正极材料能显著提升铵离子电池的容量、电化学活性以及循环稳定性，从而实现高性能的铵

离子存储。 
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