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a b s t r a c t

Aqueous rechargeable ammonium-ion batteries (AIBs) have drew considerable attention because of their

capacity for high rates, low cost, and high safety. However, developing desired electrodes requiring stable

structure in the aqueous fast ammoniation/de-ammoniation becomes urgent. Herein, an ammonium ion

full battery using Cu3[Fe(CN)6]2 (CuHCF) acting to be a cathode and barium vanadate (BVO) acting to be

an anode is described. Its excellent electrochemical behavior of Prussian blue analogs and the perfectly

matched lattice structure of NH4
+ is expected. And the open structure of vanadium compounds satisfies

the fast ammoniation/de-ammoniation of NH4
+ is also achieved. As a result of these synergistic effects,

the BVO//CuHCF full cell retains 80.5 percent of its capacity following 1000 cycling. These achievements

provide new ideas for developing low-cost and long-life AIBs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Currently, batteries made of lithium-ion in commercial use

are used in many portable electronic devices and electric vehi-

cles (EVs) increased costs due to the intensified development of

lithium resources [1,2]. Even so, using flammable and toxic organic

electrolytes raises safety and environmental problems. Therefore,

rechargeable aqueous batteries with inexpensive costs and high

safety have gained considerable attention, particularly for large-

scale energy storage systems [3]. The metal ions K+, Na+, Li+,
Mg2+, Zn2+, Ca2+ and Al3+ are usually used as a carrier in most

rechargeable aqueous batteries [4–10]. As carriers of charge within

aqueous batteries, nonmetallic cations, such as ammonium hydrate

as well as ammonium ions, were rarely investigated [11].

The non-metallic carriers have the advantages of small molar

mass, small hydration mass, rich resources and no dendrite com-

pared with metal ions [12]. In comparison with other metal ions,

the ionic radius for NH4
+ is greater than 1.48, but the hydration ra-

dius of ammonium ion is only 3.31 Å [13–15]. The small hydrated

ion radius and light mass facilitate the rapid diffusion of NH4
+ in

aqueous electrolytes. Ammonium ions are less corrosive and hy-

drogen precipitated than other nonmetallic cations [16]. The uti-
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lization of the NH4
+ electrolyte acid base is moderate, and the cor-

rosion of the electrode is weak, building a neutral or weak acidic

environment with reduced hydrogen evolution side reactions. Be-

sides, the abundant ammonium ion carrier minimizes the cost of

ammonium ion batteries (AIBs) [17–20]. Consequently, AIBs have

a promising prospect in large-scale energy storage and smart grid

[11,21].

In the process of charging and discharging in AIBs, ammonium

ions move back and forth between the positive and negative elec-

trodes. AIBs is like a rocking chair, with the ends of the chair being

the poles of the battery, and the ammonium ions are like running

back and forth with the rocking chair [22,23]. The performance

of the electrode material is a decisive factor for the performance

of rocking chair battery, so higher requirements are put forward

for the electrode. Prussian blue is referred to as PB, while Prus-

sian blue analogs are referred to as PBAs as positive electrodes in

rechargeable aqueous batteries. They have been reported due to

their superior electrochemical properties and open 3D frame struc-

tures [22–24]. PB and PBAs have the common structural equation

A2M[M’(CN)6] (A is equal to Ions of alkaline metals; M/M’ is equal

to Fe, Cu, Co, and so on), in which other transition metal ions

can replace metal ions, and further enrich kinds of PB and PBAs

[25]. For example, Wu et al. explored a K0.02Ni1.45[Fe(CN)6]2·6H2O

as the positive electrode of an aluminum ion battery. They found
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Fig. 1. (a) XRD image and (b) SEM image of CuHCF. (c) TEM images for BVO. (d) XRD images and (e) HRTEM images for BVO. (f) HAADF and EDS elemental mappings of

BVO nanobelts, showing clearly the homogeneous distribution of and Ba, V and O. XPS spectra of different elements for (g) all elements, (h) Ba, (i) O, and (j) V elements.

that the capacity compensation effect was used in aluminum ion

removal. The dissolution of trace Ni could promote Fe to con-

tribute more capacity without causing sharp capacity decay [26].

In addition, KMnFe(CN)6·nH2O prepared by Lou et al. were ap-

plied to aqueous zinc ion batteries. By cosubstituting, the Mn-N6

octahedron would not undergo Jahn-Teller distortion. Jiang et al.

used KxFeyMn1−y[Fe(CN)6]w·zH2O to be the positive electrode in

the stream potassium ion battery, and Fe replaced part of Mn,

which improved the cycling performance, electron and ion con-

ductance and performance of rate of the positive electrode [27].

Nanofiltration and PBAs Materials are used to store Nanofiltration

NH4
+. Xia et al. prepared an AIBs with K2.04Ni0.98[Fe(CN)6]·1.88H2O

as the positive electrode poly(1,5-NAPD) as the negative electrode

19mol/L CH3COONH4 as the electrolyte, achieving −40 °C to 80 °C
work in a wide temperature range [16]. PBAs have zero-strain char-

acteristic NH4
+ of insertion, so they have very broad prospects in

AIBs.

Anodes for AIBs have been developed from transition metal

oxides, sulfides, and organic compounds. Transition metal ox-

ides/sulfides allow Li+, Na+ and K+ to be inserted and removed

at low potentials. Organic compounds can accommodate NH4
+ due

to their large internal voids and stable structure [28]. Due to their

open frame structure, vanad-based materials have attracted con-

siderable attention, which can accommodate many kinds of ions

[29–31].

In this work, the CuHCF cathode exhibits a specific capability

of 66.2 mAh/g at 1 A/g, maintaining a good retention of capabil-

ity (77%) following 3500 cycles. BaV6O16·3H2O anode possesses a

high capacity for discharge of 138.54 mAh/g. As a result, AIBs us-

ing Cu3[Fe(CN)6]2 (CuHCF) as positive and BaV6O16·3H2O as neg-

ative present its high power density as well as its ability to last

for a long time. The study provides new insight into building high-

performance AIBs.

CuHCF prepared by coprecipitate method has shown high crys-

tallinity and purity by X-ray diffraction (XRD) spectrogram anal-

ysis. CuHCF and standard comparison card (JCPDS No. 86–0514)

has extraordinary coincidence. Scanning electron microscopy (SEM)

image of CuHCF is shown in Fig. 1a, which presents a dispersive

nanoparticle. The majority of particles have a cubic structure. There

is a similar distribution of cubic boxes to that of a random dis-

tribution. There is uniform dispersion of nanoparticles throughout

the field of view, and they retain their cubic morphology. Based

on the inset of Fig. 1b, CuHCF particles have a side length of ap-

proximately 150nm. Using a simple hydrothermal process, BVO

was synthesized in one step. According to transmission electron

microscopy (TEM) images, BVO has a multi-level prism morphol-

ogy (Fig. 1c), with a transparent texture of the smooth and uni-

form surface. The XRD pattern of BVO (Fig. 1d) can correspond

well to BaV6O16·3H2O (JCPDS No. 51–0381). High-resolution TEM

(HRTEM) images of BVO show lattice-resolved streaks at a dis-

tance of 0.608nm from the (200) crystal plane (Fig. 1e). A scan-

ning transmission electron microscope (Fig. S1 in Supporting infor-

mation), an energy dispersive X-ray elemental mapping (Fig. 1f) as

well as spectra (Fig. S2 in Supporting information) revealed that

Ba, V and O are uniformly distributed on BVO. Fig. 1g is the X-ray

photoelectron spectroscopy (XPS) total spectrum showing elements

Ba, O and V. Ba2+ is bonded to oxygen atoms in BVO, and the orig-

inal electrode only shows the Ba 3d component (Fig. 1h). In the O

1s region (Fig. 1i), the three peaks at the binding energy of 530,

531 and 532.4 eV form lattice oxygen bonds with V (Oα), surface

adsorbed oxygen (Oβ , i.e., O
2−, O− and OH groups) as well as the

inserted H2O molecule (Oγ ), accordingly [32]. Meanwhile, a pair

of peaks located at 517.3 eV and 524.6 eV are associated with the

spin-orbits of V 2p3/2 and V 2p1/2, respectively (Fig. 1j) [32,33].

Based on a rate of scan of 1mV/s, Fig. 2a indicates the curves

for voltammetry cyclic of CuHCF cathode. A redox couple of reduc-

tion and oxidation peaks is located at 0.73 and 0.81V, which is

consistent with the ammonia/deamination process of CuHCF. Fig.

2b illustrates CV curves at various scanning rates. When the rates

of scan rise from 1mV/s to 50mV/s, its peaks of reduction change

to higher voltages and its peaks of oxidation change to lower volt-

ages, indicating aggravated electrochemical polarization. Fig. 2c il-

lustrates the charge and discharge curves of CuHCF under a range

of current densities. The current density range of 1, 2, 5, 8, 10, 15,
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Fig. 2. Electrochemical properties of the CuHCF cathode. (a) CV plots for the first three cycles at 1mV/s. (b) CV curve at different scan rates. (c) Galvanostatic charge–

discharge curves at different current densities. (d) Rate performance is between 1 C and 30 C. (e) Long-term cycle performance at a high current rate of 10 C. (f) The

charge/discharge curve for the CuHCF electrode. Sampling points for XRD pattern were marked with the corresponding colored dots. (g) Ex-situ XRD patterns, and (h-k) the

magnified XRD patterns of different peaks.

20 and 30 A/g provides specific capacities of 66.2, 58.1, 53.2, 52.1,

50.6, 50, 49.6 and 49.2 mAh/g. Fig. 2d shows the CuHCF cathode

has excellent rate performance between 1 C and 30 C. Fig. 2e illus-

trates the high cycling efficiency of the CuHCF cathode at the cur-

rent rate of 10 C, remaining at 77% after 3500 cycles. Ex-situ XRD

analysis is performed in order to examine the structural evolu-

tion of CuHCF electrodes during ammonium ion ammoniation/de-

ammoniation.

The charge and discharge curves of CuHCF and their corre-

sponding XRD patterns are shown in Figs. 2f and g. After several

cycles, no other impurity phases are generated, and CuHCF main-

tains a cubic structure. As shown in the enlarged images of vari-

ous crystal planes (Fig. 2h, (200); Fig. 2i (220); Fig. 2j (400), (420),

(422); Fig. 2k (440), (442), (620)), after several times undergoing

charging and discharging, all crystal has the same evolution trend,

in the process of ammoniation (discharge) diffraction peak to large

angle offset, deamination (charge) in the process of the diffraction

peak again to go back to the previous position [34].

Fig. 3 shows the NH4
+ storage performance of BVO evaluated

at 1mol/L (NH4)2SO4. Fig. 3a indicates the CV curves for BVO at

various current densities. Fig. 3b shows the rate of discharge of

the BVO anode, which provides a discharge capacity of 138.54,

101.04, 81.42 and 54.56 mAh/g at 0.5, 0.8, 1 and 2 A/g, accordingly.

The electrochemical impedance spectroscopy (EIS) of BVO consists

of semi-circles for the high-frequency region as well as bending

lines for the low-frequency region (Fig. S3 in Supporting informa-

tion). For the region with a low frequency, its BVO spectrum’s lin-

ear slope is ∼50°, which confirms the diffusivity of the controlled

ion diffusion efficiency within the electrolyte in the redox reaction.

In addition, the specific contributions of the capacitance behavior

(k1v) and the diffusion control insertion (k2v
1/2) were calculated

based on i= k1v+ k2v
1/2 (Fig. 3c) [35–37]. When the scan rate is

as low as 0.1mV/s, approximately 14% of the total charge stored

is accounted for by capacitance. But as the scanning rate rises to

2mV/s, the percentage increases to around 75%. These results con-

firm that energy storage in BVO is generated by NH4
+ diffusion.

The cycle performance at 1 C ratio is shown in Fig. S4 (Supporting

information). The battery contains a reversible capability of 30.2

mAh/g following 200 cyclings and retains 40% of its capacity after

200 cycles. However, the capacitance shows a rapid decrease after

200 cycles, most likely due to the escape of water molecules from

the interlayers during the deep charge–discharge cycle [33].

At the same time, we also carried out the same study on the

negative electrode of BVO, and combined with the XRD pattern

amplification of various crystal faces. It was obvious that with the

charging and discharging process (Fig. 3d), BVO (002) (004) (303)

(006) crystal faces had various evolution trends (Fig. 3e), in which

(002) (004) crystal faces expanded slightly with ammonium ion in-

tercalation (Figs. 3f and g). In addition, the crystal plane contracted

with the release of ammonium ion. In contrast, in the (303) (006)

crystal plane (Figs. 3h and i), the diffraction peak moved to a large

angle with the discharge process, because the inserted NH4
+ not

only formed an H bond with the O generated by the adjacent BVO,

but also formed a hydrogen bond with the adjacent lattice water

[33].

Fig. 4 studies the electrochemical properties of the BVO//CuHCF

full cell assembled under anodic capacity constraints, where the

ammonium ion shuttles reversibly between the BVO anode and

the CuHCF cathode. To further investigate the electrochemical re-

versibility and dynamics of the whole cell, CV tests are performed

using various scanning rates of 2–50mV/s in Fig. 4a. These curves

do not deform significantly as the rates of scan increase, which

shows that the BVO//CuHCF cell exhibits good reaction kinetics. An

analysis of the association involving peak current and the scan rate

was conducted to further investigate the response properties ac-

cording to Eq. 1 [38–40].

i = avb (1)
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Fig. 3. Electrochemical properties of the BVO cathode. (a) CV curve at different scan rates. (b) Galvanostatic discharge curves at various current densities. (c) The contribution

rate of capacitance and diffusion control performance at different scanning rates. (d) The charge/discharge curve for the BVO electrode. Sampling points for XRD pattern were

marked with the corresponding colored dots. (e) Ex-situ XRD patterns. (f-i) The magnified XRD patterns of (002), (004), (303) and (006) peaks.

Fig. 4. Electrochemical properties of the BVO//CuHCF full cell. (a) CV curves at different scan rates. (b) log(i) versus log(v) plots of two redox peaks in CV curves. (c)

Galvanostatic discharge curves at various current densities. (d) Rate performance between 0.5 C and 5 C. (e) Long-term cycling performance at the high current rate of 5 C.

In this case, a and b represent adjustable parameters, i repre-

sents the peak current and v represents the sweep rate. A score

of b=1 shows storage of charges based on capacitance, while a

score of b=0.5 is charge storage dominated by diffusion. The score

of b can be obtained by linearly fitting log(i) and log(v). After fit-

ting (Fig. 4b), the b-scores corresponding to the redox peak were

0.67 and 0.58, indicating it is possible to have capacitance con-

trol and diffusion-dominant charge storage simultaneously. Fig. 4c

shows the performance of the rate of the BVO//CuHCF full cell. The

BVO//CuHCF full cell delivers the specific capacities of 86.44, 79.76,

73.84, 63.57, 55.46, 50.03 mAh/g at 0.5, 0.8, 1, 2, 3, 4 as well as 5

C, accordingly. The charge capacity of the BVO//CuHCF whole cell

was evaluated at different densities between 0.5 A/g and 5 A/g (Fig.

4d). When the current density is increased from 0.1 A/g to 5 A/g,

the average output capability of BVO//CuHCF is reduced from 86.4

mAh/g to 46.1 mAh/g accordingly. Interestingly, even with a high

score of 5 A/g, it still retains 53.3% of its capacity, with ten times

the current density. Upon restoration of the current density to 0.5

A/g, the electrode is capable of recovering an average capability of

77.4 mAh/g, and the recovery rate is 89.7%. Fig. 4e indicates the

long-term operation of the BVO//CuHCF whole cell at a high temp

of 5 C. In order to further understand the mechanical stability of

BVO anode and CuHCF cathode, SEM images were collected. Figs.

S5 and S6 (Supporting information) show SEM images of the BVO

anode and CuHCF cathode in their original state and deep cycling

at 5 C. It can be seen that there are no obvious cracks on the sur-

face of the BVO anode and CuHCF cathode, and the morphology

of CuHCF in Fig. S5d is uniform. In Fig. S6d, BVO still maintains

a good prism shape. The high structural stability of the electrode

contributes to the increased strength of the battery and ensures

the highly stable reversible capacity of AIBs [41]. Because of the

excellent rate performance and cycle durability of the CuHCF cath-

ode and the lubrication of BVO anode water ions, the BVO//CuHCF

battery still has nearly 45% after 5000 cycles, showing the excel-

lent cycle durability of the whole battery.

In summary, Cu3[Fe(CN)6]2 was synthesized in this paper,

demonstrating good cycle life (retaining 77% of the original ca-

pacity following 3500 cyclings) as well as good rate performance
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(30-fold increase in current density can still maintain 74% capac-

ity). A kind of barium vanadate was synthesized by hydrothermal

method. The open frame structure could meet the requirement of

ammonium ion embedded and dissociated, and the capacity was

138.54 mAh/g at 0.5 A/g. In order to construct AIBs, CuHCF was

employed as the positive electrode, and BVO was used as the neg-

ative electrode to ensure that BVO//CuHCF has a good rate per-

formance and long cycle life. The operating principle of AIBs was

explained by ex-situ XRD, which has positive significance for the

large-scale application of AIBs.
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