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Abstract: To construct high-performance aqueous ammonium-ion full batteries, (NH4)2V6O16·1.5H2O (NVO) 
nanoribbon cathodes were prepared by pH-regulated hydrothermal synthesis. Anodes were prepared by growing     
the active material polyaniline (PANI) on carbon cloth. The assembled NVO//PANI full cells exhibit a reversible 
capacity of 109.5 mA⋅h/g at a current density of 1.0 A/g and a high energy density of 23 W⋅h/kg. The ammonium-ion 
intercalation/extraction mechanism is primarily governed by the pseudocapacitance behavior. These results indicate that 
NVO is a potential candidate as a cathode material for aqueous ammonium-ion batteries. 
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1 Introduction 
 

Lithium-ion batteries are currently the most 
extensively utilized energy storage devices. 
However, concerns regarding their safety and the 
limited resources of precious metals, including 
lithium, have prompted the development of new 
battery systems [1−3]. Since the discovery of 
lithium ions as excellent charge carriers, the 
majority of research on charge carriers has focused 
on metal cations such as Na+ [4], K+ [5], Zn2+ [6], 
Mg2+ [7], Ca2+ [8], and Al3+ [9]. For instance, 
WESSELLS et al [10] reported the use of the 
Prussian blue analog KM[Fe(CN)6] (M=Cu or Ni) 
as a cathode material in aqueous ammonium-ion 
batteries. Notably, Prussian blue analogues [11], 
Ti3C2 MXene [12], organic solids [13], and metal 
oxides, such as titanic acid [14], V2O5 [15], and 
MoO3 [16], have been widely studied in the field of 
ammonium (NH4

+) ion storage chemistry. WU    

et al [17] reported that (NH4)1.47Ni[Fe(CN)6]0.88 
could be used as a cathode when paired with 
3,4,9,10-perylenetetracarboxylicdiimide as the anode 
in ammonium-ion full cells. Furthermore, the 
hydrogen bond chemistry involving NH4

+ ions and 
V2O5 has been investigated, and a monkey-bar 
swing mechanism has been proposed to illustrate 
the presence of numerous chemical bonds between 
the ammonium ions and the electrode host [15], 
Ammonium ions have garnered increasing research 
attention for aqueous batteries due to their 
abundance, low density (minimum molar mass of 
18 g/mol), and good diffusion capacity [18]. These 
properties mean that ammonium ions are 
particularly suitable for preparing devices with 
ultrafast dynamics and high power densities. 
Nevertheless, the systematic exploration of 
ammonium-ion batteries is still in its infancy, and 
there are main challenges in preparing high- 
performance ammonium-ion full batteries: (1) The 
large size and peculiar tetrahedral structure of the 
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ammonium ions limit the specific capacity of 
cathode materials due to the lack of suitable 
ammonium-ion hosts with large structures; (2) The 
development of anode materials with easily 
tailorable properties and high structural stability for 
NH4

+ ions is extremely difficult; (3) The slow redox 
reaction kinetics and poor electrode conductivity of 
NH4

+ ions significantly limit the electrochemical 
performance of ammonium-ion full cells, resulting 
in a relatively low rate capability and high 
polarization. Therefore, the development of    
new anodes and NH4

+ ion cathodes with high 
conductivity, high specific capacity, and good   
rate performance is fundamental for constructing 
high-performance ammonium-ion full cells. 

Layered transition-metal oxides have attracted 
considerable attention in recent decades due to their 
two-dimensional channels, which facilitate the 
diffusion of various ions and adapt to volume 
changes during the intercalation process [19].   
For example, WAN et al [20] developed NaV3O8· 
1.5H2O (NVO) nanoribbons as an advanced 
electrode material for zinc-ion batteries. The 
interlayer structure composed of water and sodium 
ions acted as a series of pillars, which stabilized the 
vanadium oxide layers during the charge/discharge 
process. Owing to the co-intercalation of H+ and 
Zn2+ ions, this layered NaV3O8·1.5H2O electrode 
material exhibited a high reversible capacity and a 
long cycle life. Therefore, it can be expected that 
materials with a lamellar structure can also be used 
as host materials for the intercalation of ammonium 
ions. However, studies on electrode materials    
for ammonium-ion batteries have rarely been 
conducted to date. Moreover, a comprehensive 
understanding of the charge storage mechanism is 
also required. Negative electrodes are crucial for the 
construction of full batteries, and ideal anode 
materials should exhibit a high capacity to 
accommodate NH4

+ ions, a fast redox reaction 
kinetics, and a suitable redox potential (higher  
than the potential of the hydrogen precipitation 
reaction but lower than the potential of the  
oxygen precipitation reaction in the electrolyte). 
Furthermore, electrode materials should be easily 
processable. Notably, polyaniline is a conductive 
polymer with pseudocapacitive properties, which 
offers numerous advantages, such as tunable 
morphology, good environmental stability, and 
excellent conductivity. Additionally, the synthesis 

of polyaniline is simple and facile. To achieve 
composite electrodes with large capacitance and 
good flexibility, the distribution and morphology of 
the active material on flexible substrates must be 
optimized. 

In this study, the NVO nanoribbons were 
successfully synthesized by a simple hydrothermal 
method, and the effect of the growth solution pH on 
the structural changes and ammonium ion storage 
properties of the NVO cathodes was systematically 
investigated. These aqueous secondary batteries 
based on abundant ammonium ions, stable 
ammonium vanadate cathodes, and polyaniline 
(PANI) anodes offer new perspectives for large- 
scale and rapid energy storage applications. 
 
2 Experimental  
 
2.1 Synthesis of NVO 

NVO was synthesized via a hydrothermal 
method. Briefly, NH4VO3 (0.5 g) was dissolved in 
deionized water (25 mL), and the obtained solution 
was magnetically stirred for 30 min. The pH of the 
solution was adjusted to be 1.5, 2, 3, and 4 by 
adding 0.5, 0.4, 0.3, and 0.2 mL of H3PO4, 
respectively. The NOV samples prepared with these 
solutions are denoted as NVO-1.5, NVO-2, NVO-3, 
and NVO-4, respectively. The mixtures were   
then transferred to a Teflon-lined stainless-steel 
autoclave for the hydrothermal reaction, which  
was performed at 130 °C for 72 h. The resulting 
precipitates were washed three times with deionized 
water and ethanol and then dried at 60 °C for 12 h 
to obtain the NVO powders. 
 
2.2 Synthesis of PANI 

Carbon cloth (CC) was immersed in 68% 
HNO3 for 12 h and then washed with deionized 
water. The CC was then further cleaned using    
an ultrasonic cleaner for 30 min. Aniline was 
electropolymerized on the CC by cyclic 
voltammetry (CV) using a solution containing 
aniline (0.5 mol/L) and H2SO4 (0.1 mol/L) in the 
potential window from −0.5 to 1.5 V at a scan rate 
of 10 mV/s. Electrochemical experiments were 
conducted on three-electrode devices using a carbon 
wafer with 18 mm in diameter as the substrate, a 
platinum electrode as the counter electrode, and   
a saturated calomel electrode as the reference 
electrode. 
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Detailed information on the materials 
characterization and electrochemical measurements 
are described in Sections 1 and 2 in Supporting 
Information. 
 
3 Results and discussion 
 
3.1 Phase structure and chemical component 

analysis 
The X-ray diffraction (XRD) patterns of the 

NVO products prepared at various pH values are 
shown in Fig. 1. All diffraction peaks can be 
indexed to the monoclinic crystal system of   
NVO (PDF# 51-0376). No characteristic peaks 
corresponding to impurities were detected, and the 
NVO crystal structures obtained from the solutions 
with different pH values did not show any 
significant changes. With decreasing pH, a slight 
increase in the intensity of the main (002), (110), 
(204), (112), and (020) peaks was observed, 
indicating an increase in crystallinity. 
 

 
Fig. 1 XRD patterns of NVO-1.5, NVO-2, NVO-3, and 
NVO-4 
 

The X-ray photoelectron spectroscopy (XPS) 
analysis of NVO-2 is shown in Fig. 2. Figure 2(a) 
demonstrates that NVO-2 is composed of N, O, and 
V elements. Furthermore, Fig. 2(b) shows that the 
V 2p peak can be deconvoluted into two peaks at 
517.2 and 516.5 eV, which are attributed to V5+ and 
a small amount of V4+, respectively. The N 1s peaks 
at 400.1 and 401.4 eV (Fig. 2(c)) can be assigned to 
the pure N—H bonds and N—H bonds with the 
V3O8 structure, respectively. Furthermore, the O 1s 
spectrum (Fig. S1 in Supporting Information) can 
be deconvoluted into three strong peaks centered at 
530.3, 531.7, and 532.7 eV, which correspond to the 

V—O bonds between the NH4
+ ions and the V—O 

layers, the —N—H…O bonds between the NH4
+ 

ions and the water molecules, and the H—O bonds 
in the water molecules, respectively. 
 

 
Fig. 2 XPS spectrum (a) and high-resolution V 2p (b) 
and N 1s (c) XPS spectra of NVO-2 
 

The morphologies of the NVO samples 
prepared at different pH values were characterized 
by scanning electron microscopy (SEM) (Fig. 3(a) 
and Figs. S2(a)–(c) in Supporting Information). 
NVO-1.5 exhibited ribbon-like nanostructures with 
widths ranging from 40 to 380 nm, thicknesses 
ranging from 10 to 30 nm, and lengths between 0.1 
and 3 μm. With increasing pH from 1.5 to 3, the 
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dimensions of the NVO nanoribbons did not change 
significantly. NVO-4 was found to exhibit irregular 
grains and nanoribbons. Figure 3(c) shows the 
selected area electron diffraction (SAED) pattern of 
NVO-2, which corresponded to the red region in the 
high-resolution transmission electron microscopy 
(HRTEM) image shown in Fig. 3(b). The measured 
lattice spacing values of 0.634 and 0.342 nm are 
consistent with those expected for the (200) and 
(110) planes of monoclinic NVO-2, respectively. 
The SAED patterns of all NVO nanoribbons  
exhibit clear single-crystal features (Fig. 3(c) and 
Fig. S2(j−l) in Supporting Information). The 
scanning transmission electron microscopy (STEM) 
and elemental mapping images of the NVO-2 
nanoribbons show uniform distributions of V, N, 
and O elements (Fig. 3(d)). These results indicate 
that the monoclinic NVO crystals exhibit a distinct 
anisotropic growth and a uniform energy-band 
structure without any defects or dislocations. 

The thermodynamic and kinetic states during 
crystal growth significantly influence the structure 
of the nanocrystals [21]. The synthesis reaction for 
the NVO nanoribbons is as follows:  
6NH4VO3+H3PO4=(NH4)2V6O16·1.5H2O+  

2NH3+0.5H2O+(NH4)3PO4                     (1)  
This reaction involves the dissociation of 

ammonium metavanadate into NH4
+ and VO3

− ions in 
an aqueous solution [21]. At elevated temperatures, 
the metavanadate groups start to associate to form a 
chain of VO4 tetrahedra, which are linked together 
by common angles. As the reaction progresses,  
the tetrahedral chains transform into VO5 square 
pyramids and VO6 octahedra. At this stage, the VO5 
and VO6 structural units are connected by common 
edges to form V3O8 layers [8]. The NH4

+ cations  
and H2O molecules are located in the interlayer 
spaces and interact with the V3O8 layers through N

—H…O and OH—H…O bonds, respectively.  
The electrical attraction and hydrogen-bonding 
interactions between the sheets lead to the 
self-assembly and packing of the monoclinic NVO 
nanoribbons. The interconnectivity of NVO through 
bonds gives rise to a structure with enhanced 
rigidity, which improves the structural stability of 
the material during electrochemical cycling. 

Based on the experimental results obtained 
herein, it can be concluded that adjusting the pH  
of the growth solution is an effective method    
for controlling the structure and morphology of 
ammonium vanadate. The addition of H3PO4 may 
play a significant role in the nucleation and growth 
of crystals by controlling the interfacial tension or 
surface free energy. When H3PO4 is added in a 
dropwise manner to the growth suspension, the 
local H+ concentration at the nanocrystal surface 
changes, resulting in a significant variation in the 
surface free energy of each crystal plane. Facets 
that exhibit fast growth due to their higher     
free energies may exhibit anomalous growth 
characteristics, which results in an additional 
growth anisotropy. Moreover, the addition of H3PO4 
can balance the growth rate of different crystal 
planes. 

 
3.2 Electrochemical performance 

The ammonium-ion storage performance of 
NVO was evaluated using assembled coin cells at 
various current densities. Figure 4(a) shows the 
cycling stability of the NVO electrodes at a current 
density of 0.5 A/g. Among the four NVO-based 
devices, the one that utilized NVO-2 exhibited the 
highest initial discharge capacity (177.7 mA·h/g) 
and the best cycling stability, with a specific 
discharge capacity of 101.2 mA·h/g after 100 cycles. 
During cycling, numerous NH4

+ ions are irreversibly 
released into the intermediate layer of the main 

 

 
Fig. 3 SEM image (a) and HRTEM image (b) of NVO-2; SAED pattern (c) corresponding to red area depicted in (b), 
and STEM image showing energy-dispersive X-ray spectroscopy mapping images of N, V, and O (d) 
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Fig. 4 Electrochemical properties of NVO for NH4
+ ions: (a) Cyclic performance of NVO-2 with (NH4)2SO4 electrolyte 

(1 mol/L) at 0.5 A/g over 100 cycles; (b) Nyquist plots of NVO-1.5, NVO-2, NVO-3, and NVO-4; (c) Rate 
performance; (d) Charge–discharge curves for different cycles 
 
material, causing damage to the crystal structure. 
The interlayer structure is not fully recovered  
after undergoing a complete cycle, resulting in a 
reduction in capacity. This phenomenon has also 
been reported in previous studies [22,23].  

Figure 4(b) depicts the Nyquist plots of 
NVO-1.5, NVO-2, NVO-3, and NVO-4 in the 
frequency range from 0.01 Hz to 100 kHz. The 
Nyquist plots are composed of two distinct regions: 
a high-frequency arc and a low-frequency oblique 
line. Compared with the NVO-1.5, NVO-3, and 
NVO-4 electrodes, the NVO-2 electrode presents a 
smaller semicircle in the high-frequency region and 
a line with a higher gradient in the low-frequency 
region. The real intercept (Z) represents the 
combined electrolyte ionic resistance (Re) in the 
Nyquist plots. Notably, NVO-1.5, NVO-2, NVO-3, 
and NVO-4 exhibit similar Re values in the as- 
prepared ammonium-ion batteries, which indicates 
that the intrinsic resistance of the substrate and the 
contact resistance at the interface between the 
active material and the current collector in these 
batteries are also similar. A semicircle, which is 

associated with the charge transfer resistance (Rct) 
induced by the Faraday reaction, can be seen in  
the high-frequency part of the Nyquist plot [24] 
Moreover, the slope of this curve, which is known 
as the Warburg resistance (Zw), is determined by the 
frequency-dependent diffusion and transport of the 
ions within the electrolyte, which moves toward the 
electrode surface. Based on the circuit shown in 
Fig. 4(b), it can be concluded that NVO-2 exhibits a 
similar Re value as that of the NVO-1.5, NVO-3, 
and NVO-4 solutions, as well as the lowest Rct and 
Zw values among the four NVO solutions. 

Figure 4(c) shows the rate capability of 
NVO-2. The average specific discharge capacities 
were found to be 212.7, 172.5, 144.2, 123.3, 110.1, 
105.4, and 91.4 mA·h/g at current densities of 0.1, 
0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 A/g, respectively.  
The reversible capacity immediately recovered to  
a value of 195.9 mA·h/g as the current density 
returned to 0.1 A/g, indicating good tolerance 
toward the rapid de-insertion of NH4

+ ions. 
Figure 4(d) illustrates the charge–discharge curves 
of the NVO-2 electrode at a current density of 
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0.5 A/g in different cycles. The discharge profiles 
exhibit an inclined voltage platform within the 
voltage range from −1.1 to 0.1 V, while the  
charging curves present two distinct voltage 
plateaus in the ranges from −0.55 to 0.2 V and  
from 0.7 to 0.9 V. The initial charge/discharge 
(de-insertion/ insertion) capacities were found to  
be 156.0 and 174.4 mA·h/g, respectively, with a 
Coulombic efficiency of 89.5%. 

To investigate the electrochemical kinetics of 
the NVO cathodes, CV tests were performed at 
scanning rates ranging from 0.2 to 1.0 mV/s 
(Fig. 5(a)). Three reduction peaks at around 0.79, 
0.47, and 0.1 V are observed in the anodic scan   
of the CV curves, indicating that the NH4

+ ions 
undergo a multistep electrochemical intercalation 
process [25]. This finding is consistent with the 
observed charge–discharge curves. However, only 
two oxidation peaks at approximately 0.25 and 
−0.53 V can be observed in the anodic scan, 
indicating the occurrence of an irreversible phase 
transition [26] After the initial cycle, all CV curves 
overlap, demonstrating highly reversible NH4

+ 
insertion and extraction processes. With increasing 
scan rate, the redox peaks gradually become 
broader, while the CV profiles remain unchanged. 
The charge transfer behavior can be determined by 
considering the relationship between the measured 
current (I) and the scan rate (v):  
I=avb                                                      (2)  
where a and b are adjustable parameters. The value 
of b can range from 0.5 (for a diffusion-controlled 
process) to 1 (for a capacitive process). The b 
values of Peaks 1−4 are calculated to be 0.88, 0.82, 
0.84, and 0.80 (see Fig. 5(b)). This indicates that  
the kinetics of the ammonium ions in the NVO-2 
electrode is predominantly governed by capacitive 
processes and only slightly affected by diffusion 
processes. 

To analyze the relative contributions of the 
diffusion-controlled and capacitive processes  
from a quantitative perspective, the following 
relationship can be used:  

1/2
1 2= +I k v k v                             (3)  

where k1v represents the contribution of the 
capacitive processes and k2v1/2 represents the 
contribution of the diffusion-controlled processes. 
The contributions of the two different charge 
storage mechanisms are illustrated in Fig. S3(a)   

in Supporting Information. The results indicate  
that the contribution of the capacitive processes 
increases from 88% to 96% with increasing scan 
rate from 0.2 to 1.0 mV/s. These values are higher 
than those observed for the other samples (83% for 
NVO-1.5, 72% for NVO-3, and 80% for NVO-4, as 
shown in Figs. S3(b–d) in Supporting Information). 
The predominant contribution of the capacitive 
processes is a key factor enabling fast reaction 
kinetics and high-speed performance. 
 

 
Fig. 5 CV curves at various scan rates (a) and lg I plotted 
against lg v (b) 
 
3.3 Reaction mechanism 

The correlation between the electrochemical 
behavior and structural evolution of NVO-2    
was further investigated via ex-situ techniques, 
including XRD, Fourier-transform infrared (FTIR) 
spectroscopy, and XPS under different discharge/ 
charge conditions. Notably, the ex-situ XRD 
patterns (Fig. 6(b)) only indicate small differences 
in the discharge/charge processes. Figure 6(c) 
illustrates that from Point a to Point c during the 
discharge process, the (002) peak shifts from 11.08° 
to 10.84°. This shift is accompanied by an increase  
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Fig. 6 Typical galvanostatic charge/discharge (GCD) profiles of electrodes (a) and ex-situ XRD patterns (b, c)  
 
in the interlayer spacing from 7.98 to 8.15 Å    
and a volumetric expansion of approximately 2%, 
suggesting the introduction of NH4

+ ions into the 
host lattice. Conversely, during the charging process 
from Point d to Point g (see Fig. 6(c)), the (002) 
peak shifts back to 11.26°, indicating a slight 
decrease in the interlayer spacing from 8.15 to  
7.85 Å and a corresponding volumetric shrinkage of 
3.8%. These results indicate the extraction of NH4

+ 
ions from NVO-2. The cell volume shrinks slightly 
in the fully charged state due to the release of the 
NH4

+ ions from the lattice structure of NVO-2. 
Furthermore, the ex-situ FTIR spectroscopy 

measurements were performed to evaluate the 
structural variations of NVO-2 in different states 
(see Fig. 7). The two bands detected at 3142    
and 1630 cm−1 can be attributed to the stretching 
vibration of the O—H bonds and the bending 
vibration of the H—O—H bonds, respectively, 
indicating the presence of crystalline water 
molecules within the structure. The broad bands 
observed at 3140 and 1404 cm−1 can be ascribed to 
the asymmetric stretching vibrations and symmetric 
bending vibrations of the N—H bonds in NH4

+  
ions, respectively. As the system discharges from 
the initial state (Point a) to Point c, the intensities  
of these two bands increase. However, during the 
charging process, as the system transitions to  
Point g, these intensities decrease. This behavior 
demonstrates the insertion of NH4

+ ions and their 
extraction from the material. Notably, the 
corresponding peak at Point a can be attributed   
to the presence of NH4

+ ions in NVO. The bands 
detected at 1111 and 959 cm−1 are characteristics  
of the stretching modes of V5+=O and V4+=O 

 
Fig. 7 Ex-situ FTIR spectra of NVO-2 under different 
discharge/charge conditions 
 
groups, respectively, which correspond to the 
distorted VO6 octahedral structures and VO5 square 
pyramidal structures in NVO-2. During the 
discharge process, the intensity of the peak at 
959 cm−1 initially increases due to the reversible 
reduction from V(V) to V(IV). However, this peak 
intensity then decreases during charging process, 
suggesting that V(IV) is reversibly oxidized back to 
V(V). The bands detected at 740 and 552 cm−1 can 
be ascribed to the asymmetric and symmetric 
stretching modes of the V—O—V bonds [27].  

The ex-situ XPS spectra were acquired to 
investigate the surface chemistry states of the 
NVO-2 electrodes during the charge and discharge 
processes (Fig. 8). In the initial charged states, the 
V 2p spectra of the NVO-2 electrodes can be 
deconvoluted into contributions from V4+ at 
516.8 eV and V5+ at 517.6 eV [28] (see Fig. 8(b)). 
As the system transitions from the initial state to the 
fully discharged state, the intensity of the V5+ peak 
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Fig. 8 XPS spectra of NVO-2 cycled to different potentials during GCD process (a); V 2p (b), O 1s (c), and N 1s (d) 
spectra of NVO-2 cycled to different potentials during GCD process 
 
first decreases gradually and then increases, while 
that of the V4+ peak shows the opposite trend. When 
the battery is completely discharged at Point c, a 
new peak corresponding to V3+ at 516.3 eV can be 
observed. When fully charged, the valence state of 
V returns to its original state. The evolution of the 
valence state of V demonstrates the reversibility of 
the redox processes. Notably, the binding energies 
of both V4+ and V5+ shift to higher values (517.4 
and 518.0 eV, respectively), which can be attributed 
to the intercalation of the NH4

+ ions and the 
associated V4+/V5+ bond rearrangements. 

Moreover, the O 1s spectra (Fig. 8(c)) can be 
deconvoluted into three peaks at 530.3, 531.7, and 
532.7 eV, which correspond to the V—O bonds 
between the NH4

+ ions and the V—O layers, the  
—N—H…O bonds between the NH4

+ ions and the 
H2O molecules, and the H—O bonds within the 
H2O molecules, respectively. As discharge occurs 
(from Point a to Point c), the area of the peak 
corresponding to the —N—H…O hydrogen bonds 
gradually increases with the insertion of the NH4

+ 

ions. During the charging process, the peaks related 
to the —N—H…O hydrogen bonds remain, albeit 
with reduced areas. Several irreversibly embedded 
NH4

+ ions can be observed to accumulate within the 
NVO lattice, and the irreversible migration of the 
NH4

+ ions within the lattice leads to a reduction in 
the number of effective interaction sites, resulting in 

capacity attenuation [29,30]. During the discharge 
process, the presence of more H2O molecules, 
which act as pillars and maintain the framework 
structure of the VO cathode material, enhances the 
mobility and reduces the diffusion resistance of the 
NH4

+ ions [25,31−34]. The N 1s spectra exhibit two 
peaks at 399.7 and 401.5 eV (Fig. 8(d)), which 
correspond to —N—H— (—NH3) and —N+H—

(—NH4
+), respectively [35−37]. These peaks are 

clearly visible in the pristine state and involve 
contributions from two distinct states of NH4

+ ions. 
In both the charged and discharged states, the 
embedded NH4

+ ions are present in the form of NH4
+ 

ions. 
 
3.4 Full cell performance 

Among various anode materials, PANI is one 
of the most widely used conductive polymers owing 
to its easy availability, high electrical conductivity, 
exceptional electrochemical activity, and good 
stability. Herein, PANI was prepared via electro- 
polymerization and employed as the anode material. 
Compared with other polymers, PANI possesses a 
unique structure and can be doped with protonic 
acid through a non-redox process without any 
electron gain or loss [38]. Upon doping with 
protonic acid, protons bond with the N atoms 
present in the quinone ring in the PANI chain, 
leading to its reduction to a benzene ring structure. 
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Subsequently, anions enter the polymer, rendering 
it electrically neutral. Figure 9(a) demonstrates  
that PANI exists in three different oxidation   
states: leucoemeraldine (fully reduced), emeraldine 
(partially oxidized), and pernigraniline (fully 
oxidized) [39]. CV curves of CC@PANI electrodes 
at a scan rate of 5 mV/s (activated carbon was  
used as the counter electrode) are presented in 
Fig. S4 in Supporting Information. The differences 
among these oxidation states of PANI can be 
attributed to different proportions of quinone and 
benzene units within the PANI structure. Among 
these oxidation states, the half-oxidation state 
obtained at 50% protonic acid doping exhibits 
higher conductivity [40]. The emerald-green  
PANI used in this study, which was electrically 
polymerized via CV in the potential range from 
−0.5 to 1.5 V, was in a partially oxidized state. 
Figures 9(b, c) present the SEM images of PANI, 
which show that the PANI particles are uniformly 
distributed on the CC. The entire surface of the 
carbon fibers is covered with a dense and uniform 
layer of PANI. 

Figure 10 depicts the CV curves of PANI 
deposited on a CC electrode after three cycles.  
Two reversible redox peaks, A1 and D1, are 
observed in the potential ranges of 300−480 and 
580−600 mV, respectively. These peaks can be 
attributed to the oxidation of PANI. Peak A1 
corresponds to the transition from a fully reduced 
state to an intermediate oxidation state, while Peak 
D1 represents the transition from an intermediate 
oxidation state to a fully oxidized state. Peaks A2 
and D2 are associated with the reduction processes 
corresponding to these transitions [41]. Furthermore, 
two smaller redox peaks are visible in the ranges of 
335−505 and 383−515 mV. These peaks are related 
to polymer degradation products. Peaks B1 and B2 

represent the oxidation of benzoimine to benzo- 
quinone, while Peaks C1 and C2 correspond to the 
redox peaks of benzoquinone and hydroquinone at 
slightly higher potentials, respectively [42]. 

FTIR spectroscopy measurements (Fig. 11(a)) 
reveal the presence of vibrational bands at 1563  
and 1472 cm−1, which are attributed to the C=C 
stretching vibrations of the quinone and benzene 
rings, respectively. The bands observed at 1301  
and 1233 cm−1 can be attributed to the C—N 
stretching vibrations associated with the quinone 
and benzene structures. Furthermore, a vibration 
mode of quinone is observed at 1133 cm−1. The 
band detected at 812 cm−1 corresponds to the 
out-of-plane bending vibrations of the C—H bonds 
in 1,4-substituted benzene rings [43−45]. Several 
diffraction peaks and lines are observed in      
the angular range from 10° to 31° (Fig. 11(b)), 
indicating the semi-crystalline nature of PANI. The 
diffraction line centered at 18.3° can be attributed to 
the (100) reflection of PANI, indicating a periodic 
arrangement parallel and perpendicular to the PANI 
chain. The diffraction peak centered at 25.7° is 
attributed to the (200) plane of orthorhombic PANI, 
indicating the interplanar spacing of PANI chains 
[46]. Furthermore, the XPS spectra reveal the 
presence of peaks corresponding to the C, N, O, and 
S elements, providing additional evidence for the 
formation of PANI (Fig. 11(c)). 

Based on the above-mentioned results, a 
rocking-chair aqueous ammonium-ion full cell was 
constructed using NVO as the cathode material, 
PANI as the anode material, and (NH4)2SO4 
solution (1 mol/L) as the electrolyte (Fig. 12(a)). 
During the initial charging process, ammonium ions 
are intercalated into the PANI anode from the 
electrolyte, while the NVO cathode material 
undergoes a reduction from the V5+ state to V3+/V4+ 

 

 
Fig. 9 Different oxidation states of PANI (a) and SEM images of PANI (b, c) 
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Fig. 10 CV curves of PANI deposited via electro- 
chemical polymerization on CC 
 

 
Fig. 11 FTIR spectrum (a), XRD pattern (b), and XPS 
spectrum (c) of PANI 

 

 
Fig. 12 Schematic of NVO//PANI full cell (a), GCD 
curves for different cycles (b), and rate performance at 
current densities of 1−10 A/g (c) 
 
state. Conversely, during the discharge process, 
ammonium ions are extracted from PANI and 
inserted into the NVO cathode. In subsequent 
cycles, the NVO-2//PANI full cell sustains the 
rocking-chair mechanism for ammonium ions. The 
GCD curves of the NVO-2//PANI full cell are 
presented in Fig. 12(b). The initial specific capacity 
of the full cell was found to be 109.5 mA·h/g       

at a current density of 1.0 A/g, with an average 
operating voltage of 0.8 V, and the energy density 
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Fig. 13 Charge–discharge curves of NVO-2 cathode 
obtained via GITT (a), NH4

+-ion diffusion coefficient 
during second cycle (b), and LED array powered by 
NVO-2//PANI full cell (c) 
 
was approximately 23 W·h/kg. The as-prepared 
electrode material in this study exhibits several 
advantages in terms of electrochemical performance 
compared with other reported ammonium-ion cathode 
materials (Table S1 in Supporting Information). The 
discharge profile reveals the presence of a sloping 
voltage plateau between 0.2 and 0.5 V, while the 
charge profile shows a sloping plateau within the 
range from 0.6 to 0.75 V. The NVO-2//PANI full 
cell exhibits specific capacities of 102.9, 88.8, 76.1, 

71.5, and 64.2 mA·h/g at current densities of 1.0, 
2.0, 3.0, 5.0, and 7.0 A/g, respectively, indicating 
good rate capability. Moreover, when the current 
density is abruptly reduced to 1.0 A/g, the full cell 
is capable of recovering a reversible capacity of 
105.1 mA·h/g (Fig. 12(c)). 

To better comprehend the electrochemical 
behavior of NVO-2//PANI full cell, the galvano- 
static intermittent titration technique (GITT)    
was employed to investigate the ammonium-ion 
diffusion kinetics of this cell during the second 
cycle (Figs. 13(a, b)). The estimated ammonium-ion 
diffusion coefficient (DNH4

+) was approximately 
5.5×10−7 cm2/s. A relatively stable trend can be 
observed throughout the GITT cycle, indicating fast 
and stable diffusion behavior. Figure 13(c) displays 
an array of light-emitting diodes (LEDs) powered 
by an NVO-2//PANI full cell to spell “NH4

+”. These 
results demonstrate the practical application 
potential of the devices developed in this study. 
 
4 Conclusions 
 

(1) The NVO nanoribbons have a layered 
structure and large interlayer spacing and they are 
intrinsic sources for NH4

+ ions. Therefore, the NVO 
cathodes have enhanced electrochemical behavior. 

(2) The hydrogen bonding interactions and 
surface free energies vary with the pH of the growth 
solution, leading to differences in the composition 
and morphological characteristics of the obtained 
ammonium vanadate. This affects the electro- 
chemical properties of the NVO cathodes. 

(3) Based on the synergy between PANI and 
NVO, the prepared ammonium-ion full cell with 
NVO as the cathode and PANI grown on CC     
as the anode, exhibits a discharge capacity of 
109.5 mA·h/g, energy density of 23 W·h/kg, 
excellent rate capability, and fast ion diffusion 
kinetics. 
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(NH4)2V6O16·1.5H2O 纳米带的制备及其在水系铵离子电池中的应用 
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摘  要：为了构建高性能水系铵离子电池，采用水热法，通过调节反应体系的 pH 值，制备了(NH4)2V6O16·1.5H2O 

(NVO)纳米带正极，并在碳布上生长聚苯胺(PANI)活性材料制备了负极。组装的 NVO//PANI 电池在 1.0 A/g 的电

流密度下表现出 109.5 mA·h/g 的可逆容量和 23 W·h/kg 的高能量密度。铵离子的嵌入/脱嵌机制主要由赝电容行为

决定。这些结果表明，NVO 是一种潜在的水系铵离子电池正极候选材料。 

关键词：(NH4)2V6O16·1.5H2O；正极；铵离子电池；碳布；电化学性能 
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