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A B S T R A C T   

The development of new high-performance materials is essential for robust electrochemical energy storage (EES). 
In recent years, ammonium salt materials, as an emerging class of layered materials, have attracted considerable 
attention as electrode materials for EES due to their abundant resources, simple synthesis, low cost, and high 
specific capacity. This review aims to comprehensively summarize the recent progress of ammonium salt ma
terials for EES. Firstly, the crystal structures and preparation methods of typical ammonium salts including 
ammonium vanadate, ammonium metal phosphate, and ammonium metal molybdate are discussed. Subse
quently, their application for supercapacitors (SCs) and various metal-ion batteries including monovalent alkali 
ion (Li+, Na+, and K+), ammonium ion (NH4

+) batteries, zinc ion (Zn2+) batteries, and multivalent alkali-earth ion 
(Mg2+ and Ca2+) batteries is thoroughly introduced. Likewise, the structure–activity relationships between the 
layered structure of ammonium salts and their electrochemical performance are clarified. In particular, diverse 
modification strategies including composites, defect, and doping engineering for ammonium salt materials as 
electrode materials for Zn-ion batteries are presented. Thereafter, various advanced characterization techniques 
together with theoretical calculations are expounded to further explain the internal structure evolution and 
reaction mechanism of ammonium salt materials for EES. Finally, a short conclusion and outlook, along with the 
current challenges and future opportunities of ammonium salts for EES, are proposed.   

1. Introduction 

Along with the massive consumption of non-renewable fossil fuels 
and the excessive environmental burden, there is an urgent need to 
develop efficient electrochemical energy storage (EES) devices with 
both high energy and power density to store sustainable and clean en
ergy [1–3]. Among various EES systems, supercapacitors (SCs) and 
rechargeable batteries are considered to be more ideal energy storage 
devices [4,5]. However, SCs usually suffer from low energy density and 
high cost while batteries are unsafe and have short cycle life, which 
greatly limit their large-scale applications [6]. Therefore, researchers 
have invested a lot of efforts into exploring new high-performance 

electrode materials to significantly improve the electrochemical per
formance of both. 

It is common knowledge that ideal electrode materials should 
possess high specific surface area, excellent electrical conductivity, wide 
operating voltage window, and good structural stability, which are 
beneficial to provide more electroactive sites, rapidly transport electrons 
and ions, and avoid the collapse of the material structure [7]. At present, 
the common electrode materials for SCs and batteries mainly include 
carbon-based materials, transition metal oxides, transition metal phos
phides, and so forth [8]. Among them, transition metal oxides and metal 
phosphates are considered as promising electrode materials due to their 
simple synthesis, low cost, and large capacity, and have been extensively 
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researched [9,10]. More particularly, vanadium oxides have attracted 
much attention because of their multivalent (from +2 to +5) and thus 
wide potential windows [11]. However, vanadium oxides encounter the 
bottleneck of low electrical conductivity and poor cycling stability. 
Subsequently, metal cations such as Zn2+ [12], Na+ [13], and K+ [14] 
with large ionic radius and high atomic weight have been introduced as 
pillars to stabilize the structure and expand the ion diffusion channels, 
but their specific capacity is limited by the high molar mass [15]. With 
this context, ammonium vanadate formed by intercalating NH4

+ pillars 
with lower atomic mass between vanadium oxide layers can provide 
higher storage capacity, which makes ammonium salt material a po
tential candidate as promising electrode materials [16]. Based on many 
research studies, the addition of NH4

+ to form ammonium vanadate as an 
electrode material may be an advisable choice to improve the electro
chemical performance of SCs and batteries, which has the following 
specific advantages [17]: (i) NH4

+ ions can achieve a pillar effect by 
intercalating into each vanadium-oxide layer, which can prevent a 
structural collapse caused by the ion insertion/extraction during the 
charge–discharge process [18]. (ii) A network of strong N–H⋅⋅⋅O 
hydrogen bonds among NH4

+ ions and vanadium-oxide layers can vastly 
improve the structural stability, playing a special role in enhancing the 
electrode material’s cycling stability [19]. (iii) NH4

+ with a large ionic 
radius (143 pm) can offer large interlayer distance, contributing to the 
enhanced ion diffusion rate [20,21]. (iv) Compared to the common 
intercalation metal ions, NH4

+ with the lower density as well as molec
ular weight can provide higher specific gravimetric and volumetric ca
pacities theoretically [22]. As early as 1995, Carling et al. reported a 
series of ammonium metal phosphate monohydrate (NH4MIIPO4 H2O, 

MII = Mn, Fe, Co, and Ni) and revealed the crystal structure, which 
consisted of approximately square-planar layers of highly distorted 
MIIO6 corner-sharing octahedra linked to regular PO4

3− and NH4
+ tetra

hedra via hydrogen bonds [23]. More importantly, metal-water in
teractions (i.e. M2+⋅⋅⋅H2O and NH4

+⋅⋅⋅H2O) and highly efficient 
electroactive sites in NH4MIIPO4 H2O can be conducive to fast ion and 
electron transport together with high redox-active centres, which are 
crucial for energy storage processes [7]. Additionally, ammonium 
molybdate with the advantage of industrial low cost in ammonium salt 
materials has also gradually emerged recently, becoming a potential 
participant in electrode materials [24,25]. NH4

+ ions are connected to 
the structural layers of ammonium molybdate and play a role in stabi
lizing the structure and balancing charges [26]. 

Structural property is one of the most significant properties of elec
trode materials, which determines the physical and chemical properties 
of materials [27]. In terms of the performance of SCs and batteries, it 
largely depends on the electrode materials, and therefore, the develop
ment of novel electrode materials with unique structural features is the 
key to enhance the overall performance of EES devices [28]. Thereinto, 
ammonium salt materials, an emerging class of materials with a unique 
layered structure, have exhibited excellent electrochemical performance 
and great potential for energy storage [29]. The novel layered crystal 
structure of ammonium salt materials can offer the following advan
tages: (i) The layered structure can provide great channels for the 
diffusion of ions and electrolytes, and be propitious to ion intercalation/ 
extraction [27,30]. (ii) Also, the layered structure offers a high specific 
surface area, sufficient electroactive sites and high theoretical charge 
storage capacity so that it can accommodate fairly large number of ions 

Fig. 1. (a) Publication numbers and proportions of typical ammonium salt materials for EES in recent years. (b) Application progress of typical ammonium salt 
materials and their composites in the field of energy storage. 
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[31]. (iii) ammonium salt materials with layered structure can be easier 
combined with other active materials to form composite materials, 
which can synergistically improve their performance [32]. Taking into 
account all the above advantages of ammonium salt materials, they have 
been gradually applied in the fields of energy storage in recent years 
(Fig. 1a). Nevertheless, there are still some defects in practical appli
cations of ammonium salt materials, such as limited electronic con
ductivity and low discharge capacity at high current density [33]. In 
order to solve these problems, researchers put forward several modifi
cation strategies including compounding with active materials [25,34], 
doping elements [16], and introducing defect ions [35], etc. 

To date, there are few reviews on ammonium salt materials as a new 
class of materials, and some are only a brief overview of a certain 
ammonium salt. For example, Li et al. reviewed the recent progress of 
metal (Co and Ni) phosphate based materials for high-performance SCs, 
of which ammonium/bimetallic phosphates were only mentioned as a 
small part [9]. In addition, Raju focused on the energy storage appli
cations of ammonium metal phosphates in SCs and rechargeable batte
ries. However, other ammonium salt materials such as ammonium 
vanadate or ammonium molybdate have not been reviewed yet [7]. 
Fig. 1b depicts some key developments of typical ammonium salt ma
terials for SCs and batteries. Yet up to now, there is no systematic review 
of ammonium salt materials used in the field of energy storage. 
Considering the growing attention of ammonium salt materials and the 
breakthrough progress in EES applications in recent years, it is very 
necessary to conduct a thorough and comprehensive review of this 
emerging field, which provides reference and direction for researchers 
to further explore the new field of ammonium salts in the future. 

Herein, we review the recent progress of ammonium salt materials in 
EES field. Firstly, we introduce the crystal structures of representative 
ammonium salts (i.e. ammonium vanadate, ammonium metal phosphate 
and ammonium molybdate). Then, we discuss the common synthetic 

methods including hydrothermal/solvothermal, microwave, and other 
methods. After that, we focus on the application progress of ammonium 
salt materials in SCs and various metal-ion batteries. Furthermore, 
advanced characterization techniques and theoretical calculation 
methods are elaborated, which aims to further understand the rela
tionship between the internal structure evolution and electrochemical 
mechanism. Finally, the current challenges and perspectives of ammo
nium salt materials in EES devices are summarized. 

2. Crystal structure of typical ammonium salts 

Crystal structure determines the properties of materials to a great 
extent. No matter ammonium vanadate, ammonium metal phosphate or 
ammonium metal molybdate, they all have a layered structure, in which 
the interlayer NH4

+ can act as a pillar to stabilize the layered structure, 
thus ensuring the long-term cycling stability of ammonium salts as 
electrode materials. 

2.1. Ammonium vanadate 

Ammonium vanadate, with the general formula of (NH4)xVyOz 
(abbreviated as NVO or AVO), is generally characterized by a layered 
structure. The layered structure of NVO is usually composed of VO5 
square pyramids and VO6 octahedra or/and VO4 tetrahedra [36]. The 
NH4

+ ions are placed between the vanadium-oxide layers, forming a 
network of N–H⋅⋅⋅O hydrogen bonds between the cationic and anionic 
layers, which act as “pillars” to stabilize the layered structure [37]. 
Benefiting from the advantages of the layered structure, when NVO is 
used as an electrode material for batteries, this structure can provide 
two-dimensional interstitial spaces for guest ions and achieve high 
specific capacity [38]. 

Taking NH4V3O8 as an example, as shown in Fig. 2a, the layered 

Fig. 2. The crystal structure of (a) NH4V3O8, (NH4)2V3O8 viewed along the (b) b and (c) c axes, (d) NH4V4O10, (e) NH4CoPO4 H2O, (f) NH4Co0.33Ni0.67PO4 H2O, 
(NH4)HNi2(OH)2(MoO4)2 viewed along the (g) c and (h) a axes. 
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structure is formed by distorted VO5 square pyramids and VO6 octa
hedra, in which pairs of square pyramids sharing edges form double 
zigzag chains along the b-axis, with VO6 octahedra located between 
these chains. Each octahedron shares vertices and edges with two bi- 
square pyramids in adjacent chains. In addition, from the Fig. 2b and 
c, we can see that (NH4)2V3O8 possesses a two-dimensional structure 
that consists of VO5 square pyramids and corner-sharing VO4 tetrahedra, 
where each V4+ ion has six nearest neighboring magnetic ions. The 2D 
morphology and hydrogen bonds between VOx layers are regarded as 
two critical factors for maintaining structural stability during ion 
intercalation/deintercalation. Similar in structure to (NH4)2V3O8, 
NH4V4O10 is composed of a warped zigzag configuration parallel to the 
(0 0 l) plane shapes of VO5 square pyramid units and skewed VO6 oc
tahedrons (Fig. 2d) [17]. 

2.2. Ammonium phosphate 

Among the ammonium phosphate materials, the most studied is the 
ammonium transition metal phosphate monohydrate (NH4MIIPO4 H2O, 
MII = Mn, Fe, Co, Ni), whose general formula is AMPs, which belongs to 
the dittmarite family and has a unique layered structure with open- 
framework [7,39]. AMP compounds were said to crystallize in the 
orthorhombic Pmn21 space group. The structure of AMPs consisted of 
approximately square-planar layers of highly distorted MIIO6 corner- 
sharing octahedra (the point symmetry being C2v) linked to regular 
PO4

3− and NH4
+ tetrahedra via hydrogen bonds [23]. 

Taking NH4CoPO4 H2O as an example, the structure is formed from 
sheets of distorted CoO6 corner-sharing octahedra bridged through the 
oxygen atoms of the phosphate tetrahedra (Fig. 2e) [29]. These layers 
are interconnected by hydrogen bonds with the NH4

+ cations inserted 
between the sheets. NH4MnPO4 H2O, a new modification of niahite, 
crystallizes in the space group Pnam with cell parameters a = 17.582 Å, 
b = 4.909 Å and c = 5.731 Å, where a unit cell parameter is twice that of 
the mineral structure [40]. Importantly, metal-water interactions (i.e. 
M2+⋅⋅⋅H2O and NH4

+⋅⋅⋅H2O) and highly efficient electroactive sites in 
AMPs can be used for fast ion and electron transport, which are crucial 
for energy storage processes [7]. As displayed in Fig. 2f, the crystal 
structure of NH4Co0.33Ni0.67PO4 H2O suggested that NH4

+ interacted in 
the interlayer of the P–O–Ni polyhedron, allowing it to undergo rapid 
ion exchange with surrounding cations in the electrolyte [41]. 

2.3. Ammonium molybdate 

Ammonium metal molybdate, abbreviated as AMM (where M in the 
middle stands for transition metal), is a class of ammonium molybdate 
whose crystal structure has been studied more, usually in a layered 
structure. For example, layered ammonium nickel molybdate (NH4) 
HNi2(OH)2(MoO4)2 is triangular with hexagonal unit cell parameters a 
= 6.0147(4) Å, c = 21.8812(13) Å, and Z = 3 [42]. As shown in Fig. 2g 
and h, the structure consists of 2D layers of twisted nickel octahedra that 
share edges to form layers perpendicular to the c-axis. Molybdate 
tetrahedra are bound to nickel octahedra through shared MoO–Ni 
bonds, and these tetrahedral molybdate groups are then stacked 
together to form a 3D layered structure through strong hydrogen- 
bonding interactions [25]. Each unit cell has three layers with ammo
nium ions bound between the layers to balance the charge. In addition, 
layered ammonium zinc molybdate (NH4)HZn2(OH)2(MoO4)2 also has 
the same crystal structure with hexagonal unit-cell parameters of a =
6.10767(15) Å and c = 21.6409(6) Å [26]. 

3. Synthetic methods of ammonium salt materials 

The successful synthesis of ammonium salt materials with control
lable morphology plays a crucial role in the subsequent study of their 
structure and electrochemical properties. Due to its potential huge 
application prospects, various methods have been developed to prepare 

ammonium salt materials, the most common of which are hydrother
mal/solvothermal method [43], but also microwave method [44], pre
cipitation method [45], and others [46]. 

3.1. Hydrothermal method 

Hydrothermal method is one of the most universal techniques to 
obtain micro- and nanosized ammonium salt materials. And hydro
thermal treatment can reliably control the composition and morphology 
of the products, and is currently the most efficient method to synthesize 
nanocomposites [47]. 

Traditional hydrothermal method refers to a chemical reaction car
ried out in a sealed pressure vessel with an aqueous solution as the 
solvent at a certain temperature, time, and pH. For example, NH4V3O7 
has been synthesized by a conventionally simple hydrothermal method 
using NH4VO3 and citric acid as raw materials at 180 ◦C for 1 or 2 days 
[47]. As for AMPs, a unique interface-rich core–shell ammonium nickel 
cobalt phosphate (NCoNiP@NCoNiP) has been constructed through a 
facile two-step hydrothermal route [48]. To improve the electro
chemical performance of pristine NH4(Ni,Co)PO4 H2O, Ma et al. [49] 
successfully used the hydrothermal approach to prepare NH4(Ni,Co)PO4 
H2O/CFs composite (Fig. 3a), which made the ions more mobile because 
of the synergistic effect between NH4(Ni,Co)PO4 H2O and conductive 
CFs. As a member of the ammonium salt family, ammonium metal 
molybdate is mostly prepared by hydrothermal method. For instance, 
both (NH4)[Fe(MoO4)2] and (NH4)HNi2(OH)2(MoO4)2 (ANM) have 
been synthesized with (NH4)6Mo7O24 6H2O as a part of the precursor 
under hydrothermal treatment [50]. Inspired by the fact that ANM is a 
good precursor for unsupported hydrodesulfurization catalysts, Ke et al. 
[25] synthesized ANM-NiS-rGO ternary composite using NiCl2 6H2O, 
thiourea and ammonia as raw materials under the premise of synthesis 
MoO2-rGO by hydrothermal method at 180 ◦C for 12 h. 

3.2. Solvothermal method 

Solvothermal method is developed on the basis of hydrothermal 
method. Different from hydrothermal method, solvothermal method is 
carried out with organic solvents (such as ethanol, ethylene glycol (EG), 
glycerol, SDBS, etc.) as the reaction medium [51–53]. The micro
dendrites of NH4NiPO4 H2O (ANPmd), microplatelets (ANPmp) and 
microrods (ANPmr) were prepared in EG, water, and EG/water mixture 
through facile solvothermal processes, respectively [54]. Therefore, the 
manipulation of reaction conditions is crucial for the control of material 
morphology. Layered NH4CoxNi1− xPO4 H2O (0 < x < 1) nanostructures 
with different Co/Ni molar ratios were obtained via a solvothermal 
method and verified by electrochemical test that the sample with a Co/ 
Ni ratio of 2/3 showed the best electrochemical performance [29]. 
Accidentally, Jiang and coworkers [55] observed the spontaneous 
knitting behavior of ultrathin (NH4)0.38V2O5 nanoribbons/CNTs (NVO/ 
CNTs) through a solvothermal treatment (Fig. 3b). 

Even though hydrothermal and solvothermal synthesis are the most 
common methods to obtain ammonium salt materials, there are still 
essential shortcomings to be overcome. Hydrothermal and solvothermal 
reaction systems are in a closed container, so it is not convenient to 
visually detect the progress of the reaction, only the results can be seen, 
and it is difficult to adjust the reaction parameters and study its mech
anism, which is not conducive to the synthesis of perfect crystals of 
ammonium salt materials. 

3.3. Microwave method 

Microwave method is a method that uses microwaves as a heating 
tool to achieve stirring at the molecular level and overcome the disad
vantage of uneven heating of the hydrothermal container. Compared 
with the hydrothermal method, the microwave method has a higher 
reaction rate due to the higher heating rate of the system, and thus 
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significantly shortens the reaction time [56]. Microwave method can 
obtain ammonium salts with different structures and morphologies by 
changing the reaction conditions [57]. For instance, NH4V3O8 materials 
with controlled shape and morphology (flower, nanobelt, lath and sheet 
structures) by simply controlling pH value were produced by microwave 
hydrothermal method [58]. For AMPs, various polymorphs of 2D 
NH4MnPO4 H2O have been obtained by microwave irradiation and 
hydro/solvothermal processes using ethylene glycol (EG), H2O (W), and 
EG/W mixed solvents as the reaction medium with the use of different 
surfactants [4]. Raja et al. synthesized NH4ZnPO4/rGO [59] (Fig. 3c) 
and NH4MnPO4 H2O-rGO [44] successively by microwave route. 

Although the above methods are extensively used to prepare 
ammonium salt materials, the synthesis conditions are harsh and the 
purity of the synthesized materials is low. Therefore, in order to make up 
for the shortcomings of the above methods, it is necessary to develop 
some other new synthetic methods. 

3.4. Other methods 

Other methods such as reflux method, sonochemical method, me
chanical ball milling method, precipitation method, etc. have been used 
to synthesize ammonium salt materials. For ammonium vanadate 
nanofiber ((NH4)2V6O16 1.5H2O) (AVNF), Lee’s group [60] prepared 
poly(3,4-ethylenedioxythiophene) (PEDOT) intercalated AVNF (E- 
AVNF) using reflux method, in which PEDOT exhibited good electrical 
conductivity and electrochemical behavior. However, reflow method 
required a long reaction time (16 h) and formed irregular interplanar 
spacing distances when PEDOT intercalated, which was not conducive 
to the intercalation/de-intercalation of electrolyte K+ ions [61]. Thus, 
they switched to a simple and effective sonochemical method to syn
thesize E-AVNF composites (S-EAVNF) in a very short time (3 h) 
(Fig. 3d), which overcame the above problems [61]. Additionally, some 
researchers have developed wet mechanical ball milling method to 
prepare AMPs. For example, Kozawa’s group [62] used ball milling 
method to prepare NH4CoPO4 H2O platelets, which was formed by the 
repeating dissolution–recrystallization reactions during the milling 

process. Pang and coworkers [63] synthesized NH4CoPO4 H2O with 
various morphologies (oblong plate, microplate, microflower, hierar
chical architectures) by a simple chemical precipitation approach 
without surfactants and templates. In one earlier study [64], amorphous 
Co-Ni pyrophosphates with controllable Co2+/Ni2+ ratio were fabri
cated from the mixture of NiSO4 6H2O, CoSO4 7H2O and (NH4)3PO4 
3H2O via a co-precipitation process at 140 ◦C for 12 h. 

This section summarizes several common methods for synthesizing 
ammonium salt materials, all with their own advantages and disad
vantages. Although hydro/solvothermal method synthesizes materials 
with controlled morphology and high purity, its equipment re
quirements are high. Conversely, the microwave method requires low 
reaction conditions and has fast reaction speed, but low product purity. 
Combining it with the hydrothermal method can quickly obtain high- 
purity materials, greatly improving production efficiency and expand
ing the scope of practical applications. In addition, the sol–gel method 
can realize complete and accurate control of the reaction process, which 
just makes up for the uncontrollable shortcoming of hydro/solvothermal 
process. More importantly, the sol–gel method prepares materials with a 
wide range of doping, accurate stoichiometry and easy modification, 
which is conducive to the production of materials with better perfor
mance and is expected to be used in the synthesis of ammonium salt 
materials. 

4. Applications of ammonium salt materials for EES 

4.1. Applications of ammonium salt materials for SCs 

SCs, as one of the most promising energy storage devices, have 
attracted tremendous attention because of their high power density 
(500–10,000 W kg− 1) and long cycle life (>106 cycles) [65,66]. Based 
on charge storage mechanism, SCs can be divided into two categories: 
one is electrical double-layer capacitors (EDLCs) that store energy 
through surface-controlled ion adsorption; the other is pseudocapacitors 
(PCs) based on faradaic processes involving fast surface/near-surface 
redox reactions [67]. Obviously, PCs undergo redox reactions that can 

Fig. 3. Synthetic methods and corresponding advantages and disadvantages for ammonium salt materials. (a) Synthesis steps of NH4(Ni,Co)PO4/CFs composite 
materials. (a) Reproduced with permission [49]. Copyright 2022, Wiley-VCH. (b) Schematic illustration of the spontaneous knitting process of ultrathin NVO 
nanoribbons/CNTs. (b) Reproduced with permission [55]. Copyright 2021, Elsevier. (c) Synthesis of NH4ZnPO4/rGO composite. (c) Reproduced with permission 
[59]. Copyright 2019, Wiley-VCH. (d) Schematic diagram of the intercalation of PEDOT and ammonium cations into vanadate layers and coordination of sulfate ions 
during the fabrication of nanofiber composites by the sonochemical method. (d) Reproduced with permission [61]. Copyright 2019, Elsevier. 
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store more charges to increase capacitance, which exactly can 
compensate for the low energy density (1–10 Wh kg− 1) of SCs. 
Furthermore, developing high-performance active electrode materials is 
essential to obtain SCs with high energy density and large specific 
capacitance [4]. As a new type of popular material, ammonium salt 
materials especially AMPs are extensively used in SCs due to the addi
tion of NH4

+ which makes their high theoretical specific capacitance, 
excellent electrical conductivity and long-term cycle stability (Table 1). 

4.1.1. Ammonium monometallic phosphates 
As a class of efficient electrode materials, AMPs (NH4MPO4 H2O, M 

= Ni2+, Co2+, Mn2+, and Fe2+) exhibit rapid electron and ion transport, 
which can mainly be attributed to their more electroactive sites and 
higher redox-active centres, thereby significantly improving its elec
trochemical performance [7]. In other words, the control of structure 
and morphology has an obvious effect on the capacitance behavior of 
electrode materials. For instance, Pang and coworkers [63] synthesized 
various NH4CoPO4 H2O nano/microstructures with the use of different 
ammonium solvents. NH4CoPO4 H2O hierarchical architectures 
demonstrated excellent specific capacitance of 369.4 F g− 1 at 0.625 A 
g− 1. However, NH4CoPO4 H2O hierarchical architectures still suffer 
from poor cycle stability. To overcome this problem, they firstly devel
oped unique layered NH4CoPO4 H2O microbundles that compose of 1D 
layered microrods, which remained 92.7 % of its initial specific capac
itance after 3000 cycles [27]. 

Besides, it is worth noting that the dimensional control of the ma
terials and the adjustment of its surface parameters also play an 
important role in improving the electrochemical performance. On this 
basis, Raju and coworkers [4] synthesized NH4MnPO4 H2O (AMP) and 
further exfoliated with the aid of ultrasonicaction for 15 min in the 
water–acetone mixture to obtain exfoliated 2D nanosheets (denoted 
AMP-P-15 min) to assemble symmetric supercapacitor (Fig. 4a), which 
alleviated the phenomenon of nanosheets stacking. From the SEM im
ages (Fig. 4b), the 2D nanosheets of NH4MnPO4 H2O with the width of 
about 200 nm and highly desirable surface facets of (010) obtained by 
using PVP as a surfactant. After testing, whether AMP-P-15 min is used 
for symmetry or asymmetric devices, it exhibits excellent rate perfor
mance. The symmetric supercapacitor device of AMP-P-15 min showed 
a surprising gravimetric capacitance of 48.4 F g− 1 at 5 mV s− 1 and 
maintained a capacitance of 38.8 F g− 1 even at 100 mV s− 1. Also, the 
asymmetric device constructed with AMP-P-15 min delivered an 
extraordinary cycle stability with capacity attenuation by ~7 % after 

100 k cycles (Fig. 4c). 

4.1.2. Ammonium bimetallic phosphates 
Ammonium bimetallic phosphates (AMM’Ps) have also attracted 

much attention from researchers. In particular, ammonium 
cobalt–nickel phosphate can significantly improve the electrochemical 
performance of electrode materials due to the strong synergistic effect 
between cobalt and nickel, making it have the potential for wide 
application in the field of electrochemical energy storage [68]. Take the 
study of Chen et al. [69] as an example, they assembled the hybrid 
capacitor (NH4-Co-Ni phosphate (NCNP)//HPC) constructed with NCNP 
as positive electrode and the hierarchical porous carbon (HPC) as 
negative electrode in 6 M KOH electrolyte solution delivers a high en
ergy density of 29.6 Wh kg− 1 equivalent to a power density of 11 kW 
kg− 1. 

Furthermore, the adjustment of the molar ratios of cobalt and nickel 
of NCNP is also worthy of our consideration. Proved by electrochemical 
tests, NH4CoxNi1− xPO4 H2O with a Co/Ni ratio of 2:3 characterized by 
layered nanoplate structure and rich uniform pores displayed the 
highest specific capacitance (1567 F g− 1 at 1 A g− 1) [29]. On the basis of 
this research, Li et al. [46] adopted liquid-phase exfoliated technique to 
synthesize NH4Co0.4Ni0.6PO4 H2O nanosheets with the exfoliation sol
vent of formamide solution under ultrasonication for 4 days (Fig. 4d and 
e), which can effectively improve the electronic conductivity of mate
rials. The asymmetric device AC//NH4Co0.4Ni0.6PO4 H2O nanosheets 
showed outstanding cycle stability (retaining 102.3 % of specific 
capacitance even after 10,000 GCD cycles at 2 A g− 1, presented in 
Fig. 4f). 

4.1.3. Ammonium salt composites 
Nowadays, the ammonium salt composite electrode has gradually 

attracted the attention of researchers, which can make up for their 
shortcomings such as poor electronic conductivity and combine their 
advantages to a certain extent. In 2021, Wang et al. [70] assembled a 
flexible quasi-solid-state hybrid supercapacitor with NVO@CFF cathode 
and AC@CFF anode by using NH4Cl/polyvinyl alcohol (PVA) gel elec
trolyte. The HSC device displayed excellent stability over 12,000 cycles 
with more than 67 % capacitance retention, in which NH4Cl/PVA 
electrolyte played an important role in improving the storage perfor
mance of NH4

+. 
Additionally, graphene that often used as a conductive network is an 

interesting choice to increase the electrical conductivity. Badr et al. [71] 

Table 1 
Summary of electrochemical performances of typital ammonium salt materials for SCs.  

Materials Morphology Electrolyte Potential window Specific capacitance (current density 
scan rate− 1) 

Cycling stability (cycles, 
current density) 

Ref. 

NH4CoPO4⋅H2O Hierarchical 
architecture 

3 M KOH 0–0.6 V vs SCE 369.4 F g− 1 (0.625 A g− 1) 99.7 % (400, 0.625 A g− 1) [63] 

NH4CoPO4⋅H2O Microbundle 3 M KOH 0–0.5 V vs SCE 662 F g− 1 (1.5 A g− 1) 92.7 % (3000, 1.5 A g− 1) [27] 
NH4NiPO4⋅H2O Microrod 3 M KOH 0–0.5 V vs Ag/ 

AgCl 
545 F g− 1 (10 A g− 1) ~80 % (5000, 10 A g− 1) [54] 

NH4MnPO4⋅H2O Nanosheet 3 M KOH 0–0.5 V vs Ag/ 
AgCl 

423 F g− 1 (5 mV s− 1) 97 % (10,000, 1 A g− 1) [4] 

(NH4)(Ni,Co)PO4⋅0.67H2O Hierarchical 
structure 

6 M KOH 0–0.5 V vs SCE 1297 F g− 1 (0.5 A g− 1) — [69] 

NH4CoxNi1− xPO4⋅H2O (Co/Ni 
2:3) 

Layered 
nanostructure 

3 M KOH 0–0.5 V vs SCE 1567 F g− 1 (1 A g− 1) 97.6 % (3000, 15 A g− 1) [29] 

NH4Co0.4Ni0.6PO4⋅H2O Nanosheet 3 M KOH 0–0.6 V vs SCE 820 F g− 1 (1 A g− 1) — [46] 
Ni(Co)NH4PO4@rGO Microplate 6 M KOH 0–0.4 V vs Ag/ 

AgCl 
1020 F g− 1 (1 A g− 1) 125 % (5000, 10 A g− 1) [72] 

NH4MnPO4⋅H2O-rGO (GO 50 
mg) 

Hierarchical 
structure 

2 M H2SO4 0–1.0 V vs Ag/ 
AgCl 

705 F g− 1 (1 A g− 1) 85.9 % (5000, 20 A g− 1) [44] 

NVO — 1 M NH4Cl/ 
PVA 

− 0.8–1.0 V vs Ag/ 
AgCl 

339 F g− 1 (0.5 A g− 1) 71 % (14,000, 0.5 A g− 1) [70] 

S-EAVNF Nanofiber 2 M KCl 0–0.9 V vs SCE 202 F g− 1 (3 mV s− 1) — [61] 

Note: rGO, reduced graphene oxide; NVO, ammonium vanadium oxide; S-EAVNF, PEDOT-intercalated ammonium vanadate nanofiber composites by sonochemical 
method; PEDOT, poly(3,4-ethylenedioxythiophene); PVA, polyvinyl alcohol; SCE, saturated calomel electrode. 
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synthesized NH4(NiCo)PO4 H2O/GF composites via a hydrothermal 
route (Fig. 4g and h), whose specific capacity (111 mAh g− 1) is higher 
than that of Ni(NH4)2(PO3)4 4H2O/60 mg GF (52.7 mAh g− 1) they 
prepared before (Fig. 4i), which may be ascribed to the synergistic effect 
of nickel and cobalt. Meanwhile, reduced graphene oxide (rGO) is also a 
popular conductive material. In 2018, Zhang et al. [72] produced a type 
of rGO-modified Ni-Co phosphates (Ni(Co)NH4PO4@rGO) microplates 
(Fig. 4j and k). Benefiting from the incorporation of rGO, the obtained Ni 
(Co)NH4PO4@rGO as electrodes for supercapacitors showed a higher 
specific capacitance (1020F g− 1 at 1 A g− 1) compared with Ni(Co) 
NH4PO4 without rGO (877 F g− 1). Particularly, the cycling stability of 
this composite material can retain 125 % after 5000 GCD cycles (Fig. 4l), 
indicating the great potential for practical applications. Modifying with 
graphene to improve the properties of materials can also be applied to 
ammonium metal molybdate materials. Ke et al. [25] firstly prepared a 
unique ternary composite ANM-NiS-rGO with 3D porous flower-like 
structures. It imparted high specific capacity of 56 mAh g− 1 at 2 A g− 1 

because of the synergistic effects of the ternary composite. 
In order to effectively improve the conductivity of ammonium salt 

materials, researchers have also made some other efforts such as 
conductive polymer modification [61,73], heteroatom doping engi
neering [74], acting as conductive electrolyte [75,76] and others [77]. 
For example, Lee et al. [61] prepared PEDOT-intercalated ammonium 
vanadate nanofiber (S-EAVNF) for pseudocapacitors. The composite 
renders a high surface area of 85.5 m2 g− 1 and excellent electrical 
conductivity of 4.1 × 10− 2 S cm− 1 due to the intercalation of PEDOT, 
which can improve the electrical conductivity and expand the interlayer 
distance of the lattice of vanadate nanofibers. Meanwhile, the S-EAVNF 

electrodes exhibited fast kinetics and pseudocapacitive properties, and 
the reversible electrochemical redox reactions can be expressed as 
follows:  

(NH4)2V6O16 + xK+ + xe− ↔ Kx(NH4)2V6O16                                    (1) 

During K+ ion intercalation/deintercalation process into host, the 
valence state of V changes between +4 and +5. Thus, the corresponding 
theoretical capacity of (NH4)2V6O16 is 269 mAh g− 1. 

Although AMPs has been reported as a potential candidate for energy 
storage devices (especially SCs), the accessibility of electrons and ions to 
all electroactive sites is still a challenge and also suffer from limited 
electronic conductivity. Therefore, there are still critical issues related to 
the structure–property relationship to be solved. Adding conductive 
additives to AMPs is the key to obtain high electronic conductivity. 
Meanwhile, more attractive performances of NVOs and AMMs need to 
be further developed in the future research work to meet the energy 
storage requirements of SCs. 

4.2. Applications of ammonium salt materials for batteries 

Batteries store charge involving transformation of chemical bonds 
through diffusion-controlled faradaic redox reactions in the bulk of 
active materials, which have the higher energy density (~300 Wh kg− 1 

of Li-ion batteries) but lower power density (<1000 W kg− 1) and shorter 
life (~1000 cycles) compared with SCs [67]. To break through these 
limitations, researchers have devoted themselves to developing elec
trode materials with layered structure, large specific surface area and 
excellent electrical conductivity to meet people’s needs for high- 

Fig. 4. Ammonium salt materials for SCs. (a) Schematic illustration of the working principle of a symmetric supercapacitor device constructed with exfoliated AMP-P 
nanosheets in an aqueous electrolyte of 3 M KOH. (b) SEM image of exfoliated nanosheets of AMP-P-15 min. (c) Cycle stability test employed at a current density of 5 
A g− 1 for about 100 k consecutive cycles; the inset shows the charge–discharge plots obtained at current densities of 2, 4, and 5 A g− 1. (a–c) Reproduced with 
permission [4]. Copyright 2019, American Chemical Society. (d) Schematic illustration of the crystal structure and the exfoliation process, and (e) SEM image of 
NH4Co0.4Ni0.6PO4 H2O. (f) Cycling life at a current density of 2 A g− 1 (10,000 cycles). (d–f) Reproduced with permission [46]. Copyright 2017, Elsevier. (g) Synthesis 
route and (h) SEM image of NH4(NiCo)PO4 H2O/GF composites. (i) Specific capacity of NH4(NiCo)PO4⋅H2O and NH4(NiCo)PO4 H2O/GF at (0.5–15 A g− 1) specific 
currents calculated from GCDs. (g–i) Reproduced with permission [71]. Copyright 2021, Elsevier. (j) Schematic illustration of the fabrication of Ni(Co)NH4PO4 and 
Ni(Co)NH4PO4@rGO. (k) SEM image of Ni(Co)NH4PO4@rGO. (l) Cycling performance at current density of 10 A g− 1 of Ni(Co)NH4PO4 and Ni(Co)NH4PO4@rGO. 
(j–l) Reproduced with permission [72]. Copyright 2018, Elsevier. 
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performance batteries [6]. Ammonium salt materials, especially NVOs, 
have been widely studied as electrode materials for batteries due to their 
simple synthesis, low cost, high capacity and stable structure (as sum
marized in Table 2). 

4.2.1. Li-ion batteries 
Nowadays, rechargeable lithium ion batteries (LIBs) possess the ad

vantages of high energy density, long cycle life, and excellent rate per
formance that have attracted tremendous attention [78]. Nevertheless, 
it is found that LIBs still suffer from some defects such as low power 
density, the lack of lithium resources and safety issues, which are huge 
obstacles for its longterm development [6]. As a consequence, it is 
critical to develop the LIBs with excellent performance in capacity, 
power and energy density, and safety. Recently, researchers have made 
some attempts to use ammonium salt materials as electrode materials for 
LIBs, and the results show that this approach has achieved certain ef
fects. Generally speaking, NH4

+ ions between the layered ammonium 
salts can not only achieve the pillar effect to prevent the structure 
collapse caused by the intercalation/extraction of Li+ during the charge- 
discharge process, but also increase the interlayer spacing to accom
modate fairly large number of Li+ ions and promote their migration. 
Therefore, ammonium salt family can exhibit high rate performance and 
good cyclic stability, which makes it a promising electrode material for 
LIBs. 

4.2.1.1. NH4V3O8. Tremendous attention has been focused on 
NH4V3O8 and their composites as cathode materials for LIBs due to their 
remarkable electrochemical properties, such as high capacity, good ca
pacity retention and long cycle life. 

To the best of our knowledge, the morphology determines the per
formance of the materials to a certain extent. For example, Wang et al. 
[79] incorporated CNTs into NH4V3O8 flakes (NH4V3O8/0.5 wt% CNTs 
composites) to improve the electronic conductivity, which shows a high 
discharge capacity up to 358.7 mAh g− 1 at 0.03 A g− 1. Then, one- 
dimensional NH4V3O8 0.37H2O nanorods were also reported by their 
team [80] with high electrochemical performance via SDBS assisted 
hydrothermal method for LIBs, which delivered a maximum specific 
discharge capacity of 327.1 mAh g− 1 at 0.03 A g− 1. 

In order to obtain better electrochemical properties and facilitate the 
practical applications of NH4V3O8 cathodes, many researchers make 
much more efforts on the nanostructural control. For instance, Kou’s 
team [53] used NH4VO3 and polyethylene glycol (PEG-4000) as re
actants at different pH to prepare self-assembled cactus-like NH4V3O8 
(Fig. 5a). The electrochemical measurements indicate that the sample 
with pH value of 3.7 delivers higher discharge capacity compared to the 
other samples, attributing to the cactus structure with robust structural 
stability during cycling. It can be seen that adjusting the pH value of the 
solution can effectively control the morphology of NH4V3O8, which can 
also be confirmed by Cheng et al. [58], who synthesized NH4V3O8 
flower, nanobelt, lath and sheet by controlling pH value. Among all of 
the structure, the NH4V3O8 nanobelt exhibited best electrochemical 
performance, presenting the first discharge capacity of 328 mAh g− 1 and 
a superior rate capacity of 208 mAh g− 1 at 0.3 A g− 1 (Fig. 5b). Besides, 
Kou and coworkers successfully fabricated rGO/NH4V3O8 composites 
[10] to overcome the limitation of low-electronic conductivity and long 
lithium ion diffusion path of NH4V3O8, which significantly improved the 
electrochemical property for NH4V3O8 cathode materials of LIBs. 

4.2.1.2. NH4V4O10. NH4V4O10 also attracts much attention of re
searchers, whose structure is similar to NH4V3O8 materials, in which the 
NH4

+ ions are intercalated between two bilayer of V2O5, resulting higher 
electronic conductivity and fast lithium diffusion in comparison with 
V2O5 cathode [81]. Hence NH4V4O10 and its composites are the poten
tial electrode materials with a high electrochemical performance 
[17,18,31,32,82–84]. For instance, Zhang et al. [82] have reported the 

synthesis of NH4V4O10 nanobelts with an initial discharge capacity of 
171.8 mAh g− 1 at 0.125 A g− 1 and similarly Wang et al. [83] have 
prepared (NH4)0.5V2O5 nanobelts with the first discharge capacity of 
225.2 mAh g− 1 at 0.015 A g− 1. We found that the results of the elec
trochemical performance of (NH4)0.5V2O5 nanobelts can only be 
measured at low current power, restricting the material for high power 
applications. In order to breakthrough this barrier, Sarkar et al. [84] 
studied the impact of binder on stable high rate electrochemical per
formance of NH4V4O10 and it was found that carboxy methyl cellulose 
(CMC) based cathode delivers superior capacity (200 mAh g− 1 at 1 A 
g− 1). 

To further enhance the capacity, cyclic stability, and rate capability 
of NH4V4O10, Wang et al. [32] fabricated a unique hierarchical 
NH4V4O10@ PPy@MnO2 nanowire arrays as electrode materials for LIBs 
(Fig. 5c). After electrochemical testing, NH4V4O10-PPy-MnO2 nanowires 
exhibited higher capacitance than that of the simple NH4V4O10-PPy 
core@shell or NH4V4O10 nanowires (Fig. 5d), which can be attributed to 
the synergistic effect of ternary materials. As far as we know, the 3D 
nanostructure materials can not only avoid the disadvantages of low- 
dimensional nanomaterials such as poor cycling and rate perfor
mances which were caused by their serious self-aggregations, but also 
can preserve their advantages with good specific capacity [85]. Liu et al. 
[18] proposed a β-cyclodextrin (β-CD)-assisted hydrothermal method to 
prepare mesoporous NH4V4O10 nanoflowers composed of nanoflakes as 
cathode materials for LIBs. The nanoflowers showed specific capacity 
retains 103.5 mAh g− 1 after 200 cycles even at 1 A g− 1. 

4.2.1.3. Other ammonium vanadates. Apart from NH4V3O8 and 
NH4V4O10, a new type of ammonium vanadium bronze, (NH4)2V7O16 
[86,87], is also an attractive electrode material, whose layered structure 
is similar to other vanadium bronzes but with an unprecedented stoi
chiometry and crystal structure, enabling the intercalation of various 
guest ions (Fig. 5e). When intercalating lithium ions into (NH4)2V7O16, it 
shows an initial discharge capacity of 232 mAh g− 1 and an average 
discharge voltage of 2 V (vs Li/Li+) (Fig. 5f and g). 

To the best of our knowledge, not only temperature and pH can affect 
the morphology and properties of ammonium vanadates, but pressure is 
also a non-negligible factor in the synthesis process, which is first 
demonstrated by the study of Sadowska et al [88]. They used a simple 
hydrothermal method with different initial pressure values (0, 5, 25, and 
50 bar) to prepare (NH4)2V6O16 and (NH4)2V10O25 8H2O with different 
morphologies and found that the pure (NH4)2V10O25 8H2O could be 
obtained at a pressure of 50 bar and revealed its excellent behavior as 
cathode material for LIBs. The theoretical capacity of (NH4)2V10O25 
8H2O is at least 221 mAh g− 1 when not less than 9Li+ ions are inserted in 
theory. 

Studies have shown that bi or multi-cations vanadium bronzes such 
as ammonium and sodium bi-cation vanadium bronze [33,89] can 
effectively promote the electrochemical performance of materials. Fei 
et al. [89] fabricated 3D flower-like (NH4)0.83Na0.43V4O10 0.26H2O va
nadium bronze nano-platelet clusters. This material exhibited good 
cycle stability at different discharge rates (0.18–0.67 C rate) and voltage 
limits (1.5–3.4 V and 2.0–3.4 V). Similarly, Fei and coworkers [33] 
developed sodium intercalated (NH4)2V6O16 in the same way. It’s not 
hard to prove that ammonium sodium vanadium bronze has smaller 
charge transfer resistance than ammonium vanadium bronze, which 
would favor superior discharge capacity and rate performance. 

4.2.1.4. Other ammonium salt materials. As we know, AMP is widely 
used as electrode material for SCs, but AMP and AMM are mostly used as 
precursors for the synthesis of other metal salts [62,90], therefore few 
works directly apply them as electrode material for LIBs. However, due 
to the unique layered structure of these materials [91], some researchers 
still insist on exploring the preparation methods to develop their 
application in LIBs. For example, Chen et al. [8] exploited solid-state 

W. Zheng et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 454 (2023) 140194

9

Table 2 
Summary of electrochemical performances of typital ammonium salt materials for batteries.  

Materials Morphology Applications Electrolyte Voltage range Specific capacity 
(current density) 

Cycling stability (cycles, 
current density) 

Ref. 

NH4V3O8/0.5 wt% 
CNTs 

Flake-like LIBs 1 M LiPF6 in EC/DMC 1.5–4.0 V vs Li/Li+ 358.7 mAh g− 1 (0.03 A 
g− 1) 

97 % (100, 0.15 A g− 1) [79] 

(NH4)0.5V2O5 Nanobelt LIBs 1 M LiPF6 in EC/DMC 1.8–4.0 V vs Li/Li+ 225.2 mAh g− 1 (0.015 A 
g− 1) 

81.9 % (100, 0.15 A g− 1) [83] 

NH4V4O10 Nanoflower LIBs 1 M LiPF6 in EC/PC/ 
DMC 

2.0–4.0 V vs Li/Li+ 242.8 mAh g− 1 (0.2 A 
g− 1) 

64.9 % (200, 1 A g− 1) [18] 

NH4V4O10 Nanowire LIBs 1 M LiPF6 in EC/DMC 2.0–4.0 V vs Li/Li+ 205 mAh g− 1 (0.05 A 
g− 1) 

— [31] 

(NH4)2V7O16 Layered structure LIBs 1 M LiPF6 in EC/DMC 1.3–3.2 V vs Li/Li+ 232 mAh g− 1 (0.01 A 
g− 1) 

84 % (50, 0.02 A g− 1) [86] 

NH4MnPO4⋅H2O Lumpy particle LIBs 1 M LiPF6 in EC/DEC 0.01–3.0 V vs Li/ 
Li+

222.1 mAh g− 1 (0.05 A 
g− 1) 

— [8] 

AMT/PDA Flake LIBs 1 M LiPF6 in EC/DEC 0.005–2.5 V vs Li/ 
Li+

1471 mAh g− 1 (0.1 A 
g− 1) 

— [24] 

NH4V3O8⋅1.9H2O Nanobelt ZIBs 3 M Zn(CF3SO3)2 0.2–1.4 V vs Zn/ 
Zn2+

463 mAh g− 1 (0.1 A 
g− 1) 

81 % (2000, 10 A g− 1) [93] 

NH4V4O10 Lamellar 
structure 

ZIBs 3 M Zn(CF3SO3)2 0.8–1.7 V vs Zn/ 
Zn2+

147 mAh g− 1 (0.2 A 
g− 1) 

70.3 % (5000, 5 A g− 1) [103] 

NH4V4O10 Decussate 
structure 

ZIBs 3 M Zn(CF3SO3)2 0.1–1.6 V vs Zn/ 
Zn2+

417.35 mAh g− 1 (0.1 A 
g− 1) 

90 % (2100, 5 A g− 1) [107] 

(NH4)2V10O25⋅8H2O Nanobelt ZIBs 3 M Zn(CF3SO3)2 0.7–1.7 V vs Zn/ 
Zn2+

229.5 mAh g− 1 (0.1 A 
g− 1) 

90.1 % (5000, 5 A g− 1) [108] 

(NH4)2V3O8/C Nanoparticle ZIBs 3 M Zn(CF3SO3)2 0.4–1.6 V vs Zn/ 
Zn2+

356 mAh g− 1 (0.1 A 
g− 1) 

— [112] 

NV NSs@ACC Nanosheet ZIBs 3 M Zn(CF3SO3)2 0.4–1.4 V vs Zn/ 
Zn2+

523 mAh g− 1 (0.1 A 
g− 1) 

~85 % (1000, 2 A g− 1) [111] 

NVO@CF Nanoflake ZIBs 2 M ZnSO4 0.2–1.4 V vs Zn/ 
Zn2+

434 mAh g− 1 (0.5 A 
g− 1) 

83 % (2500, 20 A g− 1) [113] 

(NH4)0.38V2O5/CNTs Nanoribbon ZIBs 2 M ZnSO4 0.2–1.5 V vs Zn/ 
Zn2+

465 mAh g− 1 (0.1 A 
g− 1) 

89.3 % (500, 0.1 A g− 1) [55] 

NHVO@Ti3C2Tx Hybrid film ZIBs 3 M Zn(CF3SO3)2 0.2–1.2 V vs Zn/ 
Zn2+

514.7 mAh g− 1 (0.1 A 
g− 1) 

84.2 % (6000, 5 A g− 1) [34] 

Od-NVO-SS-2 Cistern-like 
nanobelt 

ZIBs 3 M Zn(CF3SO3)2 0.4–1.6 V vs Zn/ 
Zn2+

331.4 mAh g− 1 (0.3 A 
g− 1) 

— [119] 

ZNV Microsphere ZIBs 3 M Zn(CF3SO3)2 0.2–1.8 V vs Zn/ 
Zn2+

461.1 mAh g− 1 (0.1 A 
g− 1) 

＞90 % (3500, 2 A g− 1) [35] 

Ti-doped NH4V4O10 Nanobelt ZIBs 3 M Zn(CF3SO3)2 0.5–1.7 V vs Zn/ 
Zn2+

263 mAh g− 1 (0.1 A 
g− 1) 

89.02 % (2000, 2 A g− 1) [16] 

MVO-0.1 Nanowire ZIBs 1 M Zn(OTF)2 0.4–1.4 V vs Zn/ 
Zn2+

337 mAh g− 1 (0.1 A 
g− 1) 

83.6 % (500, 0.5 A g− 1) [125] 

KNVO Nanobelt ZIBs 3 M Zn(CF3SO3)2 0.2–1.6 V vs Zn/ 
Zn2+

464 mAh g− 1 (0.1 A 
g− 1) 

90 % (3000, 5 A g− 1) [21] 

(NH4)2V6O16⋅1.5H2O Nanowire ZIBs 3 M Zn(CF3SO3)2 0.4–1.6 V vs Zn/ 
Zn2+

385 mAh g− 1 (0.1 A 
g− 1) 

75 % (10,000, 8 A g− 1) [126] 

NH4V4O10⋅0.28H2O Microflower ZIBs 2 M Zn(CF3SO3)2 0.2–1.6 V vs Zn/ 
Zn2+

410 mAh g− 1 (0.2 A 
g− 1) 

76 % (500, 2 A g− 1) [106] 

PEDOT-NVO Connected 
nanobelt 

ZIBs 3 M Zn(CF3SO3)2 0.4–1.6 V vs Zn/ 
Zn2+

356.8 mAh g− 1 (0.05 A 
g− 1) 

94.1 % (5000, 10 A g− 1) [130] 

NH4V4O10 Nano-belt SIBs 1 M NaClO4 in EC/PC 1.5–3.5 V vs Na/ 
Na+

190 mAh g− 1 (0.2 A 
g− 1) 

80 % (50, 0.5 A g− 1) [142] 

NH4V4O10 Nanorod SIBs 1 M NaClO4 in PC 1.5–3.4 V vs Na/ 
Na+

175.7 mAh g− 1 (0.02 A 
g− 1) 

— [135] 

NH4V4O10 Nanobelt SIBs 1 M NaClO4 in PC 0.01–3.0 V vs Na/ 
Na+

148 mAh g− 1 (1 C) — [139] 

K-NVG Nanosheet 
clusters 

SIBs 1 M NaClO4 in EC/ 
EMC/DMC 

0.05–3.0 V vs Na/ 
Na+

235.4 mAh g− 1 (0.1 A 
g− 1) 

82 % (250, 0.3 A g− 1) [143] 

NH4V4O10 Nanobelt MIBs 0.5 M Mg(ClO4)2 in 
AN 

− 0.6–1.0 V vs Mg/ 
Mg2+

174.8 mAh g− 1 (0.2 C) — [144] 

NH4V4O10 Micro-flower MIBs 1 M LiCl in 0.4 M APC 0.5–2.0 V vs Mg/ 
Mg2+

228 mAh g− 1 (0.1 A 
g− 1) 

75 % (100, 0.1 A g− 1) [30] 

NH4V4O10 Flower-like KIBs 0.8 M KPF6 in EC/PC 1.0–4.2 V vs K/K+ 136 mAh g− 1 (0.05 A 
g− 1) 

90 % (200, 3 A g− 1) [136] 

(NH4)0.5V2O5 Nanowire KIBs 1.5 M KFSI in EC/DEC 1.5–3.8 V vs K/K+ 97.8 mAh g− 1 (0.025 A 
g− 1) 

— [147] 

NVO@SDBS Uniform rod-like CIBs Ca(ClO4)2 xH2O in 
CH3CN 

− 0.6–1.3 V vs Ag/ 
Ag+

150 mAh g− 1 (0.1 A 
g− 1) 

— [137] 

CF@NH4V4O10 Urchin-like AIBs 1 M (NH4)2SO4 0–1.0 V vs Ag/ 
AgCl 

143 mAh g− 1 (0.1 A 
g− 1) 

82.5 % (100, 0.1 A g− 1) [138] 

NH4V3O8·2⋅.9H2O Nanobelt AIBs 1 M (NH4)2SO4 0–1.0 V vs Ag/ 
AgCl 

121 mAh g− 1 (0.1 A 
g− 1) 

95 % (400, 0.1 A g− 1) [150] 

Note: CNTs, carbon nanotubes; AMT/PDA, (NH4)6Mo7O24/polydopamine; NV NSs@ACC, 2D hydrated ammonium vanadate nanosheets (NV NSs) grown on alkali- 
treated carbon cloth; NVO@CF, NH4V4O10 nanoflakes grown on carbon fiber (CF); NHVO@Ti3C2Tx, (NH4)2V10O25 8H2O@Ti3C2Tx; Od-NVO-SS-2, stainless steel 
(SS) supported oxygen-rich vacancy (NH4)2V10O25 8H2O with the mass of glucose 0.2 g; ZNV, cation-deficient Zn0.3(NH4)0.3V4O10 0.91H2O; MVO-0.1, Mo-doped 
NH4V4O10 with (NH4)6Mo7O24 0.1 g; KNVO, potassium ammonium vanadate; PEDOT-NVO, poly(3,4-ethylenedioxythiophene) intercalated NH4V3O8; K-NVG, K- 
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reaction and co-precipitation reaction to design and fabricate lumpy 
particles (marked as NMP-1) and thin sheets (marked as NMP-2) 
NH4MnPO4 H2O, respectively (Fig. 5h and i). When used as anode for 
LIBs, NMP-1 exhibits better electrochemical performance, such as higher 
discharge capacity of 1307 mAh g− 1 at 0.1 A g− 1 after 350 cycles, better 
cycling stability and lower Rct compared with NMP-2 (Fig. 5j), which 
can be ascribed to the smaller longitudinal–transverse ratio of lumpy 
particles and porous structure. 

In 2021, Xie et al. [24] demonstrated that (NH4)6Mo7O24 (AMT) can 
not only serve as a precursor for the synthesis of molybdenum-based 
anode materials for LIBs, but itself can also realize reversible lithium 
storage. Meanwhile, they also developed recrystallization and freeze 
drying methods to prepare AMT/polydopamine (PDA) composite to 
further enhance electrochemical performance. The as-prepared AMT/ 
PDA composite shows flake morphology and delivers a reversible 
discharge capacity of 702 mAh g− 1 at 0.3 A g− 1. 

4.2.2. Zn-ion batteries 
Although LIBs have dominated energy storage systems for decades, 

the problems of their high cost, limited lithium natural resources, and 
flammable and toxic organic electrolytes are not conducive to sustain
able development and hinder their long-term application [92–94]. By 

contrast, Zn-ion batteries (ZIBs) have captured massive attention 
recently related with the favorable features including low cost, high 
natural abundance and high safety, low redox potential (− 0.762 V vs 
SHE) as well as high theoretical capacity (820 mAh g− 1, 5855 mAh 
cm− 3) [95,96]. As a result, ZIBs are the most potential alternative bat
teries for LIBs. Many materials such as MnO2 [97], Prussian blue analogs 
[98] and vanadium-based materials [93] have been used as zinc-ion 
cathode materials. Among them, layered vanadium-based materials 
have the advantages of low cost, high capacity, and good cycle stability 
with a stable structure, which make them the promising cathode ma
terials for aqueous ZIBs [99]. Specifically, ammonium vanadate is 
widely used as a cathode material for ZIBs [100]. 

4.2.2.1. Pristine ammonium vanadates. To date, a series of vanadium- 
based materials, especially the emerging ammonium vanadate mate
rials, have become a hot spot for researchers to develop as cathode 
materials for ZIBs [22,56,101,102]. 

NH4V4O10 [103,104], as an important member of the ammonium 
vanadate family, it has aroused tremendous interest of researchers. For 
instance, Yang et al. [103] manufactured a bilayered NH4V4O10 with a 
self-healing lamellar architecture and tunable interlayer spacing during 
charge–discharge as cathode material for ZIBs (Fig. 6a and b), which 

doped (NH4)2V3O8/graphene; NVO@SDBS, NH4V4O10@sodium dodecylbenzenesulfonate; LiPF6, lithium-hexafluoro phosphate; KPF6, potassium-hexafluoro phos
phate; EC, ethylene carbonate; DMC, dimethyl carbonate; DEC, diethyl carbonate; EMC, ethylmethyl carbonate; PC, propylene carbonate; Zn(OTF)2, Zinc tri
fluoromethylsulfonate; AN, acetonitrile; APC, aqueous potassium carbonate; KFSI, potassium bis(fluorosulfonyl)-imide. 

Fig. 5. Ammonium salt materials for LIBs. (a) Schematic illustration of cactus-like NH4V3O8 by PEG4000-assisted hydrothermal method. (a) Reproduced with 
permission [53]. Copyright 2020, Elsevier. (b) Rate capability of the NF, NB, NL and NS. (b) Reproduced with permission [58]. Copyright 2016, Elsevier. (c) 
Schematic illustration of the fabrication process for NH4V4O10@PPy@MnO2 nanowire arrays on Ti film. (d) Rate performances at various current rates from 30 to 
500 mA g− 1 with respect to the cycle numbers. (c, d) Reproduced with permission [32]. Copyright 2017, Elsevier. (e) Schematic diagram of the crystal structure of 
Li+ intercalation (NH4)2V7O16. (f) Initial three cycles of galvanostatic discharge/charge profiles at 10 mA g− 1 and (g) its corresponding differential capacity (dQ/dV) 
plots for the initial two cycles of (NH4)2V7O16/Li. (e-g) Reproduced with permission [86]. Copyright 2020, American Chemical Society. TEM images of (h) NMP-1 
and (i) NMP-2. (j) Nyquist plots of the NMP-1 and NMP-2 based cells. (h–j) Reproduced with permission [8]. Copyright 2020, Elsevier. 
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enables a specific capacity of 147 mAh/g in the voltage window of 
0.8–1.7 V vs Zn2+/Zn and a capacity retention of 70.3 % over 5000 
cycles at 2 A/g (Fig. 6c). In order to further enhance Zn2+ ion interca
lation kinetics and long‑term cycling stability, researchers make their 
great efforts to explore 3D NH4V4O10 for ZIBs [105–107]. Sun and co- 
workers [107] prepared a novel self-templated NH4V4O10 with a 
microsized decussate superstructure. The special decussate morphology 
consists of giant crossed nanobelts, which is beneficial to enhance the 
structural stability and further improve the cycling performance, man
ifesting 221.4 mAh/g after 2100 cycles. 

Additionally, Wei et al. [108] synthesized ultrathin (NH4)2V10O25 
8H2O nanobelts for AZIBs with an energy density of 225.4 Wh kg− 1 

between a wide power density of 102 ~ 104 W kg− 1, owing to the ul
trathin stable structure and the adjustable large interlayer spacing. 
Subsequently, Cui et al. [109] prepared layer-by-layer stacked 
(NH4)2V4O9 0.5H2O nanosheet assemblies and (NH4)2V4O9 nanosheets 
towards high performance ZIBs, demonstrating (NH4)2V4O9 a promising 
cathode material for ZIBs. 

Ammonium vanadate can be used not only for aqueous zinc-ion 
batteries, but also as cathode electrode materials for quasi-solid-state 
zinc-ion batteries. In the study of Chen et al. [110], who assembled a 
high-concentration salt electrolyte (HCSE) with high-capacity NH4V3O8 
1.9H2O cathode and zinc foil anode to form flexible QSS ZIBs, exhibiting 
a discharge capacity of 283 mAh g− 1 at 20 ◦C, 215 mAh g− 1 at 0 ◦C, and 

119 mAh g− 1 at − 20 ◦C. 

4.2.2.2. Composites. Most of the reported cathode materials suffer from 
sluggish ion/electron transfer kinetics due to relatively poor electrical 
conductivity, which limits further applications of the materials [111]. 
Composites are made by introducing another or more material compo
nents with different physical and chemical properties in a designed 
form, ratio and distribution. The various constituent materials of com
posites play a synergistic role in performance, with superior compre
hensive performance that cannot be matched by a single material. 
Carbon material can effectively improve the conductivity of materials, 
and introducing it into ammonium vanadate to form a composite ma
terial can overcome the above problems, thereby improving the elec
trochemical performance. 

For instance, (NH4)2V3O8/C was synthesized via a facile one-step 
hydrothermal process by Jiang et al. [112], who demonstrated that 
(NH4)2V3O8/C can effectively store Zn2+. And the Zn//(NH4)2V3O8/C 
battery delivered a high energy density of 334 Wh kg− 1 at 294 W kg− 1. 
Moreover, given that the use of inactive organic binders (PTFE, PVDF, 
PP, etc.) invisibly increases the dead mass of the cathode, thus limiting 
the overall energy density of the full devices [111]. Additionally, the 
increased electrical resistance of the cathode in the battery decreases the 
capacity, cycling stability and rate capability of the AZIBs [113]. To 
overcome these limitations, researchers focus on developing ammonium 

Fig. 6. Ammonium salt materials for ZIBs. (a) Schematic diagram of interlayer spacing adjustment of NH4V4O10 during reversible charge–discharge process. (b) TEM 
image of NH4V4O10. (c) Long-term cycling properties at a current density of 2000 mA g− 1 of the NH4V4O10//Zn cell. (a–c) Reproduced with permission [103]. 
Copyright 2018, American Chemical Society. (d) Schematic illustration of the fabrication procedure for the flexible NV NSs@ACC electrode. (e) TEM image and (f) 
Ragone plots of NV NSs@ACC. (d–f) Reproduced with permission [111]. Copyright 2020, The Royal Society of Chemistry. (g) Schematic diagram of the synthesis 
process and (h) TEM image of Od-NVO-SS-2. (i) The adsorption/desorption of Zn2+ on the surface of the Od-NVO-SS-2 and NVO-SS electrode. (g-i) Reproduced with 
permission [119]. Copyright 2021, Elsevier. (j) Schematic diagram of preparation process of Ti-doped NH4V4O10. (k) The long-term cycling performance of at 2 A g− 1 

for NVO and NVO-Ti; the inset is TEM images of morphological changes of NVO-Ti and NVO electrodes after 2000 cycles. (j, k) Reproduced with permission [16]. 
Copyright 2020, Elsevier. (l) Schematic illustration of the preparation process and the crystal structure, and (m) Cycling performance at 5 A g–1of NVO and KNVO. (l, 
m) Reproduced with permission [21]. Copyright 2022, American Chemical Society. 
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vanadate on substrates (e.g., CC, CF, and CNTs) as the binder-free 
cathodes for AZIBs. Jiang et al. [111] used a simple alkali-treated car
bon cloth (ACC) as a self-supporting substrate to in-situ grow ultrathin 
2D hydrated ammonium vanadate nanosheets (NV NSs) (Fig. 6d and e). 
The results show that the NV NSs@ACC cathode in coin-typed battery 
can deliver a high reversible capacity of 523 mAh g− 1 at 0.1 A g− 1, and a 
remarkable energy density of 343 Wh kg− 1 at 150 W kg− 1 (Fig. 6f). 
Inspired by this, Tamilselvan et al. [113] proposed an ultrathin 
NH4V4O10 (NVO) nanoflake grown on pretreated CFs as a flexible 
binder-free cathode in AZIBs. The electrochemical performance of both 
cathode materials mentioned above has been improved, which may be 
attributed to the ultrathin nature of NVO flakes that shortens the 
diffusion lengths of ions and electrons during charge–discharge cycles. 
Accidentally, Jiang and coworkers [55] observed the spontaneous 
knitting behavior of ultrathin (NH4)0.38V2O5 nanoribbons/CNTs (NVO/ 
CNTs). This binder-free paper cathode of ZIBs showed high reversible 
capacities of 465 mAh g− 1 at 0.1 A g− 1, thanks to the enhanced elec
tronic conductivity and rich meshes due to the incorporation of CNTs. 
Wang et al. [34] reported a novel (NH4)2V10O25 8H2O@Ti3C2Tx 
(NHVO@Ti3C2Tx) film anode for constructing “rocking-chair” ZIBs. 
Benefiting from the advantage of the crystal structure of NHVO and the 
assistance of Ti3C2Tx nanosheets, NHVO@Ti3C2Tx//ZnMn2O4 full bat
tery delivers the highest specific capacity of 131.7 mAh g− 1 at 0.1 A g− 1 

compared to all reported aqueous “rocking-chair” Zn ion full battery. 

4.2.2.3. Defect engineering. Defect engineering has been recognized as 
an important strategy to modify the performance of materials, especially 
cathode materials for ZIBs [114]. Defect (including heteroatom doping, 
intrinsic defects, vacancy defects, etc.) can enhance ion diffusion and 
electron transfer by changing the atomic structure and charge distri
bution. Specifically, the introduction of defects into electrode materials 
can not only increase the storage site of foreign ions and effectively 
improve the capacity of batteries, but also generate a large number of 
active sites, which can effectively promote the kinetics of electro
chemical reactions [115]. In particular, Oxygen vacancy, which can 
greatly enhance ion diffusion kinetics, has been considered as a major 
defect for tuning the electronic structure and physicochemical proper
ties of cathode materials [3,114,116]. Therefore, designing an ammo
nium vanadate cathode with abundant oxygen defects is very important 
to obtain excellent Zn2+ storage capacity [117]. 

Oxygen-deficient NH4V4O10− x nH2O (NVOH) microspheres assem
bled by nanoplates were synthesized by He et al. [118]. The experi
mental tests are conducted to demonstrate that the oxygen vacancies 
enable fast Zn2+ diffusion and good electrochemical performance. 
Furthermore, Bai and coworkers [119] first prepared an advanced 
stainless steel (SS) supported oxygen-rich vacancy (NH4)2V10O25 8H2O 
cistern-like nanobelt cathode with the mass of glucose 0.2 g (Od-NVO- 
SS-2) (Fig. 6g and h). Through DFT calculations, it is known that the 
introduction of defects can reduce the adsorption energy of Zn2+ on the 
material surface (Fig. 6i), which is beneficial to increase the active sites 
of the electrode materials and provide additional capacity. As a result, 
the specific capacity of Od-NVO-SS-2 reached 331.4 mAh g− 1 at 0.3 A 
g− 1 after 50 cycles, which is about 1.8 times that of NVO-SS (178.4 mAh 
g− 1). 

Cation defect is also an effective defect method to help improve Zn2+

diffusion kinetics and increase electrochemical active sites for energy 
storage of the cathode materials. He et al. [35] designed 
Zn0.3(NH4)0.3V4O10 0.91H2O (ZNV) microsphere cathode with abundant 
cation vacancies and pre-intercalated Zn2+ in the interlayers for AZBs. 
The ZNV cathode demonstrates outstanding electrochemical perfor
mances even at low temperature (more than 90 % capacity retention 
after 3500 cycles at 2 A g− 1) owing to the synergistic effect of the cation 
vacancies, the pre-intercalated Zn2+, and the structural water molecules. 

4.2.2.4. Doping engineering. Doping is to change the distribution state of 

holes and free electrons in the materials by introducing foreign atoms to 
occupy or replace the position of the lattice lattice point of the body, 
thereby enhancing the ionic conductivity and structural stability of the 
electrode materials. In other words, doping is also a kind of defect. 
Doping of metal elements such as Ti [120], Mn [121], Na [122] and Zr 
[123] has been certified to productively optimize the electrochemical 
properties of cathode materials, consequently leading to improve 
cycling stability, enhance electrical conductivity and facilitate ion 
diffusion. 

In a recent study, He et al [16] synthesized Ti-doped NH4V4O10 
(NVO-Ti) nanobelts (Fig. 6j). From the TEM images of NVO-Ti and NVO 
electrodes in the discharged state after 2000 cycles, where the NVO 
electrode was severely damaged while NVO-Ti still maintained a good 
morphology (Fig. 6k), indicating that Ti-doping provides better struc
tural stability. 

In addition, since the crystal structure of molybdenum-based oxides 
is similar to that of vanadium-based oxides [124], Mo is chosen as the 
doping element for ammonium vanadate. Wang et al. [125] obtained a 
Mo-doped NH4V4O10, whose interlayer spacing is expanded by the Mo 
insertion, which can provide more space for the intercalation of Zn2+. 
Using the optimized Mo-doped NH4V4O10 as cathode for ZIBs, it 
exhibited a high capacity of 335.0 mAh g− 1 at 0.1 A g− 1. 

4.2.2.5. Intercalation engineering. Intercalation is another effective 
modification strategy that introduces metal ions [35,126,127], molec
ular water [127–129] or polymers [130] as pillars between the [VOn] 
layers of the layered ammonium vanadate to increase the interlayer 
spacing for rapid ion diffusion and stabilize the structure of the materials 
for ZIBs during Zn2+ de/intercalation process. 

Using metal ions as “pillars” to intercalate the layered ammonium 
vanadate is a kind of sensible method to effectively improve electro
chemical performance. Wang et al. [35] combined the strategies of pre- 
intercalation of Zn2+ and cation-deficient structure to prepare cation- 
deficient Zn0.3(NH4)0.3V4O10 0.91H2O (ZNV) microsphere cathode, in 
which the partly pre-intercalated Zn2+ ions and structural water act as 
pillar to stabilize the structure of ZNV. Besides, Cao’s group [21] re
ported that potassium ammonium vanadate (KNVO) was obtained by 
partially replacing ammonium ions in the interlayer of NH4V4O10 (NVO) 
with K+ incorporation (Fig. 6l). When these two materials were used as 
cathodes for ZIBs, KNVO was surprisingly found to have better elec
trochemical performance (discharge capacity of 464 mAh g− 1 at 0.1 A 
g− 1 and 90 % retention at 5 A/g after 3000 cycles, shown in Fig. 6m), 
which was mainly attributed to the increased oxygen vacancies due to 
the incorporation of K+. On the other side, the incorporation of K+ might 
prevent the irreversible deammoniation and thus enhance the stability 
of the whole structure. In another study, Chen et al. [126] fabricated 
(NH4)2V6O16 1.5H2O (NVO) nanostructures via a facile microwave- 
assisted hydrothermal reaction. The trapped Zn(H2O)6

2+ ions in the 
interlayer not only helped stabilize the vanadium oxide layer but also 
provided enough interlayer spacing for fast ion kinetics during the 
subsequent insertion/extraction. Thence the NVO cathode displayed a 
high specific capacity of 385 mAh g− 1 at 0.1 A g− 1. 

However, intercalated metal ions may have strong electrostatic in
teractions with anions in the host materials in aqueous electrolytes and 
the large molecular weight and volume of metal ions will cause an un
stable change upon repeated Zn2+ de/intercalation [130,131]. Exactly, 
molecular water could act as an electrostatic shield and a “lubricant” to 
facilitate Zn2+ diffusion; NH4

+ with the lower molecular weight could 
provide higher specific gravimetric and volumetric capacities, both of 
which can solve the above problems [132]. Particularly, Zhu et al. [106] 
reported an NH4V4O10 0.28H2O (NHVO) microflower aqueous ZIB 
cathode material with NH4

+ and structural water pre-intercalated in the 
vanadium oxide layers. The existence of NH4

+ and structural water co- 
assisted the Zn2+ intercalation/de-intercalation, demonstrating supe
rior discharge capacity of 410 mAh g− 1 at 0.2 A g− 1. 
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Besides metal ions and structural water, polymers have also been 
used as promising pillars to design the cathode structure. For instance, 
Bin et al. [130] employed PEDOT intercalated NH4V3O8 (PEDOT-NVO) 
as cathode materials, which made the interplanar spacing enlarged from 
7.8 to 10.8 Å. As a result, this cathode showed a high capacity of 356.8 
mAh g− 1 at 0.05 A g− 1 and superior cycling stability. 

We all know that the ultimate goal of modification of electrode 
materials is to greatly improve the electrochemical performance. 
Therefore, if modifications are carried out, it should be considered 
whether the conductivity, structural stability, active sites, functionality, 
etc. of the materials have been improved. When doping, the selected 
dopant should be stable in the new structure and the radii of both should 
be as close as possible so that the dopant can enter the crystal lattice of 
the substrate smoothly. Moreover, the doped counterparts should be 
variable so as to adjust the amount of dopant to optimize the perfor
mance of the materials. Meanwhile, heterostructure is also a promising 
strategy [133]. In addition, the electrode can be optimized by adjusting 

the proportion of active materials in the electrode [134]. Of course, the 
electrolyte can also be optimized, but the study in this area needs to be 
further explored so that the better modification strategies can be found 
to enhance the electrochemical performance of ZIBs. 

It is self-evident that defects, doping and other modifications have an 
effect on electrode materials, but their mechanism is still elusive. 
Advanced in situ characterization techniques, such as Fourier transform 
infrared, Raman, synchrotron radiation, etc., can be used to monitor the 
doping, defect formation or other transformation processes of the elec
trode materials, which is conducive to the research of the mechanism 
and provides theoretical guidance for further modification. In addition, 
these modification strategies also provide meaningful reference value 
for improving the performance of AMPs and AMMs and making them 
more suitable for energy storage. 

4.2.3. Other batteries 
Ammonium salts are not only widely used in LIBs and ZIBs, but also 

Fig. 7. Ammonium salt materials for other metal-ion batteries. (a) FEG-SEM image of NH4V4O10. (b) Graphical representation of NH4V4O10 nano-belts growth. (c) 
Discharge capacity and capacity retention vs cycle number of NH4V4O10 cathode. (a-c) Reproduced with permission [142]. Copyright 2015, American Chemical 
Society. (d) Discharge-charge profiles for NH4V4O10 at a 0.2 C rate for the first and second cycles. (e) An illustration of the evolution of NH4V4O10 structure upon 
cycling. (d, e) Reproduced with permission [144]. Copyright 2018, American Chemical Society. (f) Cycling performance of NVO at 50 mA g− 1 in 1/2–3.8 V. (g) V 2p 
core-level XPS spectra of NVO after the first discharge (D1), first charge (C1), and second discharge process (D2). (f, g) Reproduced with permission [136]. Copyright 
2018, Wiley-VCH. (h) Schematic illustration of the preparation and (i) Comparison of the cycling performance of NVO and NVO@SDBS. (h, i) Reproduced with 
permission [137]. Copyright 2018, The Royal Society of Chemistry. Schematic illustration of (j) aqueous NH4-ion full cell and (k) fiber-shaped NH4-ions full cells. (j, 
k) Reproduced with permission [138]. Copyright 2019, Elsevier. 
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used in other metal-ion batteries such as SIBs [135], MIBs [30], KIBs 
[136], Ca-ion batteries [137] and NH4-ion batteries [138], which are 
expected to be the alternatives of LIBs. 

4.2.3.1. Na-ion batteries. Sodium-ion batteries (SIBs) have been devel
oped as the promising and more sustainable candidate for LIBs, mainly 
because of the relatively abundant and lower cost sodium resources 
compared to lithium [139,140]. Especially, the physicochemical prop
erties of sodium are similar to that of lithium [141], which leads some 
researchers to develop SIBs based on LIBs. 

Sarkar and co-workers [142] synthesized 1D NH4V4O10 nanobelts 
(Fig. 7a) as cathode material for Na+ storage. From Fig. 7b, NH4V4O10 
nano-belts elongate toward the c-axis and minimally grow toward the b- 
axis (i.e., [0 k 0]), which accelerates the transport of Na+. Further 
improvement in electrochemical performances was demonstrated by the 
use of carbon coated Al-current collector between potential cut-off of 
1.5–3.5 V. This material delivered initial discharge capacity ~225 mAh 
g− 1 at high current rate of 0.2 A g− 1 and good cyclic stability (Fig. 7c). 
However, its theoretical capacity for the intake of 3Na+ ions is ~210.5 
mAh g− 1, of which the extra capacity may be attributed to reduction of 
V4+ to V3+ or interfacial surface storage of Na+. 

In addition, some efforts have also been made to explore anode 
materials for SIBs. Yao et al. [139] used in situ TEM method to investi
gate the sodium storage mechanism of layered NH4V4O10 as anode 
material for SIBs, revealing a stepwise Na-storage reaction mechanism. 
However, pure ammonium vanadate often suffers from structural 
fragility and low capacity. To response these problems, K-doped 
(NH4)2V3O8/graphene were developed by Liu et al. [143]. Benefiting 
from the advantages that flexible graphene can stabilize the structure 
and K doping can expand the interlayer spacing of (NH4)2V3O8, the 
composite manifested excellent cycling stability and a good rate per
formance with a reversible capacity of 235.4 mAh g− 1 at 0.1 A g− 1 

during the 100th cycle. 

4.2.3.2. Mg-ion batteries. Because of the abundant resource of magne
sium in the earth’s crust and improved safety, Mg-ion batteries (MIBs) 
have also been regarded as the substitution of LIBs [123,144,145]. 
However, there is still the problem of slow diffusion of Mg2+ in the host 
structure, resulting in very limited materials for MIBs. Great efforts have 
been made by researchers to develop the host structures for magnesium 
ions. For example, NH4V4O10, stabilized in a layered structure, was a 
suitable choice as a host for MIBs due to the ability to create large 
interlayer distances. Esparcia and co-workers [144] demonstrated 
reversible magnesiation in NH4V4O10 using 0.5 M Mg(ClO4)2 in aceto
nitrile as the electrolyte with an initial discharge capacity of 174.8 mAh 
g− 1 at 0.2 C rate and the average discharge voltage of about 2.31 V (vs 
Mg/Mg2+) (Fig. 7d). As depicted in Fig. 7e, we can see that after the 
extraction of NH4

+ ions, the subsequent cycles mainly involved the 
reversible Mg2+ intercalation/deintercalation. 

4.2.3.3. K-ion batteries. K-ion batteries (KIBs) have also been regarded 
as a promising alternative energy system to LIBs because of the abun
dance of the K resource and similar electrochemical properties to LIBs. 
Besides, K has a lower standard redox potential than Li, which makes 
KIB system show a potentially higher cell voltage [146]. 

Xu et al. [136] studied the electrochemical properties of NH4V4O10 
(NVO) in KIBs. NVO delivered a high capacity of 136 mAh g− 1 at 0.05 A 
g− 1 and a decay rate of 0.02 % per cycle over 200 cycles in the range of 
1–3.8 V (Fig. 7f), demonstrating the material’s excellent rate capability. 
Electrochemical mechanism was also studied using ex situ XPS, which 
suggested that K-ion storage in NVO is a topotactic process, where 
transition between V4+ and V5+ occurs (Fig. 7g). Fan et al. [147] further 
investigated the effect of interlayer spacing and preintercalated cations 
of the vanadate nanowires on their KIB performance. Compared to 
NH4V3O8 nanowires (d100 of 7.80 Å), (NH4)0.5V2O5 nanowires (d100 of 

9.52 Å) showed a faster K+ diffusion and much higher reversible ca
pacity. Importantly, the preintercalation of K+ into V–O slabs is also 
crucial to the stability of the structure, which leads to better electro
chemical cycling stability in K0.5V2O5 among these vanadate materials. 

4.2.3.4. Ca-ion batteries. Similar to MIBs, there are only a few materials 
for Ca-ion batteries (CIBs) because of the difficulty in electroplating Ca 
metal in conventional electrolytes. To improve the properties of elec
trode materials, Ngoc Vo et al. [137] added the surfactant sodium 
dodecylbenzenesulfonate (SDBS) into NH4V4O10 to synthesize 
NVO@SDBS as cathode material for CIBs (Fig. 7h). Thanks to the Na- 
doping effect, the surfactant-assisted process not only decreased the 
particle size but also increased the active site proportion of V4+/V5+, 
which makes the NVO@SDBS cathode show high coulombic efficiency 
and outstanding cyclic stability (Fig. 7i). As a result, this material could 
be a potential cathode material for practical applications in CIBs. 

4.2.3.5. NH4-ion batteries. Recently, Ammonium-ion batteries (AIBs) 
(Fig. 7j) have become an emerging technology in battery systems, in 
which NH4-ions are used as effective charge carriers due to their 
abundancy, light weight (low molar mass of 18 g mol− 1) and fast 
diffusion kinetics (small hydration ion size of 3.31 Å), offering low cost 
and attractive performance [148,149]. 

In order to rapidly advance the practical application of AIBs, re
searchers are committed to searching layered NVO cathode materials 
that can accommodate massive NH4

+ ions because of their large inter
layer spacings. For example, Li et al. [138] assembled a full AIB with 
urchin-like NH4V4O10 coated on CF as cathode and PANI nanorods 
grown on CFs as anode in (NH4)2SO4 aqueous electrolyte (Fig. 7k). The 
aqueous AIB could exhibit a high specific capacity of 167 mAh g− 1 at 0.1 
A g− 1. Unfortunately, the use of liquid-state aqueous electrolyte may 
cause side reactions caused by water hydrolysis, thus affecting the life
span and long-term stability of batteries [150]. To overcome this limi
tation, Kuchena and co-workers [150] fabricated a full flexible AIB 
consisting of a concentrated hydrogel electrolyte sandwiched between 
the NH4V3O8 9H2O nanobelts cathode and the PANI anode. Electro
chemical test results show that the battery based on the gel electrolyte 
shows the highest initial capacity of 55 mAh g− 1 at 0.1 A g− 1 and 
outstanding performance, which can be attributed to the reduced side 
reactions resulted from the high salt concentration. 

Besides NVOs, two other candidates, AMPs and AMMs, are also 
presented in this paper for electrochemical energy storage. However, for 
AMPs, it is more used in SCs because of its rapid ion and electron 
transport and high theoretical capacitance to improve energy density of 
SCs, but rarely used in batteries, especially multivalent metal ion bat
teries; for AMMs, the application development of this ammonium salt is 
still in the initial stage, and there are very few reports about its use in 
electrochemical energy storage devices. To promote the development of 
AMPs and AMMs, it is necessary to design them reasonably to optimize 
their performance and make them suitable for energy storage. Like 
designing NVOs, we can modify the structures of AMPs and AMMs 
(including composites, defects, doping and intercalation) to improve 
their electrochemical performance. Particularly, constructing defects 
into electrode materials can provide more ion storage sites and active 
sites, promote ion diffusion and charge transfer, and maintain structural 
stability, which is a good choice for designing AMPs and AMMs. 

5. Advanced characterization techniques 

At present, advanced characterization techniques (like in situ XRD, in 
situ TEM, and in situ Raman spectra, etc.) can realize real-time obser
vation of materials to obtain more comprehensive information, which 
have been more and more applied in material characterization [151]. 
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5.1. In situ XRD 

For in situ XRD technique, it is an effective test method that can 
realize real-time monitoring of phase transition and structural evolution 
of electrode materials. Bin et al. [152] used in situ XRD to investigate the 
structure information of (NH4)0.5V2O5 at complete charge state. The 
evolution of XRD patterns of the (NH4)0.5V2O5 showed a new set of 
peaks at 16.2 and 27.6◦, which indicated that a new phase of 
Znx(NH4)0.5V2O5 is produced from the increased insertion of the Zn2+. 
Similarly, the structural changes of CF@NH4V4O10 under different 
electrochemical states were also investigated in detail by Li et al. [138] 
using in situ XRD. The (001) peak of CF@NH4V4O10 positively shifted to 
9.21◦ with the interlayer spacing decreasing to 9.59 Å when charged to 
1.0 V, corresponding to the de-intercalation of NH4

+; while the discharge 
process was opposite, the (001) peak shifted to the low angle, and the 
lattice parameter obviously increased due to the insertion of NH4

+ and 
the formation of N–H⋅⋅⋅O bonds. To get an insight into the formation of 
new phase of (NH4)2V6O16 1.5H2O upon Mg2+ insertion, in situ XRD 
characterization (Fig. 8a) was performed in a narrow 2θ range only 
focusing on the (002) reflection [145]. Results showed that the (002) 
reflection moved to a higher angle during discharge, revealing the ex
istence of an intermediate phase Mg2+

1.22(NH4)2V6O16 1.5H2O due to the 
insertion of Mg2+ ions. Additionally, in the study of Hong et al. [86], 
who used in situ XRD analysis to elucidate the structural change of 
(NH4)2V7O16 during cycling. The complex changes in structure can be 
seen from the (0 0 l) peak and the appearance/disappearance of new 
peaks in the first cycle. 

5.2. In situ Raman spectra 

In addition, in situ Raman spectra which usually was used to further 
explore the electrochemical reaction mechanism of electrode materials 
was also used. Both of Zhu et al. [106] and Cao et al. [3] used in situ 
Raman spectra to probe the reversibility of Zn2+ extraction/insertion of 
ammonium vanadate materials during charge/discharge. In Zhu’s study, 
in situ Raman spectra showed that four new bands appeared at 100, 185, 
300, and 775 cm− 1 and Fig. 8b of Cao’s study appeared five peaks at 
approximately 200–1200 cm− 1 caused by V–O–V bending and V–O 
stretching vibrations during the charge state. These new bands and 
peaks mentioned above gradually disappeared during the subsequent 

discharge process and finally recovered to the original state, revealing 
the good reversibility of the electrochemical process. Simultaneously, 
the above process also demonstrated the charge transfer process of the 
V5+/V4+ redox pair. 

5.3. In situ TEM 

Besides in situ XRD and in situ Raman spectra, in situ TEM was also 
used to characterize morphological evolution and phase transformation 
of materials. For example, Yao et al. [139] applied in situ TEM and in situ 
ED patterns to study the state of the phase in real-time during the 
sodiation/desodiation of NH4V4O10 anode, revealing a stepwise Na- 
storage reaction mechanism. During the first sodiation process, there 
is a two-step phase transformation mechanism involving the initial 
intercalation reaction that results in NaxNH4V4O10 phase and the 
following conversion reaction with the final formation of V2O3 phase 
((104), (110), (116), and (300) planes) and Na2O phase ((220) and 
(420) planes) (Fig. 8c). While during the subsequent desodiation pro
cess, the V2O3 phase can only be oxidized to VO2 phase ((130), (151), 
and (250) planes) (Fig. 8d) rather than the original NVO phase, 
demonstrating the asymmetric conversion reaction for the first 
discharge-charge cycle. After that, from the repeated (de)sodiation cy
cles and ED analysis we can know that a reversible phase transformation 
between V2O3 and VO2 is responsible for the long-term Na-storage 
cycling stability. 

The experimental results of advanced in situ characterization tech
nology are very sensitive to structural characteristics. In addition, other 
technologies (such as in situ XPS, XAS, AFM) are also worth exploring in 
the future research. In near future, the micro-morphology of electrode 
materials can be accurately constructed by programming, 3D printing 
and so on. All these technologies will provide a deeper insight into the 
mechanism of energy storage. 

6. Theoretical calculation methodology 

First-principles calculations based on DFT are to recognize the 
physical and other properties of materials at the atomic level, a very 
effective tool for calculating the microstructure and properties of crys
talline materials. By using first-principles calculations, it is possible to 
deeply understand the changes of the structure and electrochemical 

Fig. 8. In situ characterization techniques of ammonium salt materials. (a) In situ XRD patterns of NHVO-H2O during the first cycle. (a) Reproduced with permission 
[145]. Copyright 2021, American Chemical Society. (b) In-situ Raman spectroscopy of oxygen defect enriched (NH4)2V10O25 8H2O cathode. (b) Reproduced with 
permission [3]. Copyright 2021, Elsevier. In-situ TEM observation of the morphological evolution of NVO NB electrode during the first (c) sodiation and (d) des
odiation cycle; the insets are corresponding ED patterns of the (de)sodiated NVO NB. (c, d) Reproduced with permission [139]. Copyright 2021, Elsevier. 
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properties of ammonium salt materials during electrochemical processes 
[105,153]. Based on first-principles calculations, Sarkar and co-workers 
[153] investigated the structural transformation of the δ-NH4V4O10 
electrode during Li/Na insertion. Fig. 9a and b illustrated the changes in 
the VOn polyhedral coordination, as a function of the concentration × of 
Li+/Na+ in δ-NH4V4O10. When Li+ concentration up to x > 2 in 
LixNH4V4O10, the coordination polyhedra of V5 and V8 changed from 
DO to TrB. On the contrary, the V6–V7 coordination polyhedra changed 
from TrB to DO at x = 1 during insertion of Na+ into δ-NH4V4O10, 
suggesting two distinct mechanisms of structural distortion in 
δ-NH4V4O10. Moreover, we can see from Fig. 9c and d that the energy 
barrier of Zn2+ diffusion along [010] direction (0.63 eV) was lower than 
that through a VO layer (2.89 eV) in monoclinic NH4V4O10 by 
first‑principles calculations, revealing the feasibility of monoclinic NVO 
to provide fast Zn2+ ion intercalation along the [010] direction in the 
interlayer space [105]. 

In order to deeply explore the effect of structural engineering on 
ammonium salt materials during the discharging-charging process, 
Xiang et al. [119] investigated the role of oxygen vacancies by calcu
lating the total density states (TDOS) and projected density of states 
(PDOS) (Fig. 9e and f). The results showed that defect engineering of 
NVO can reduce the band gaps, thereby improving the electronic con
ductivity and Zn2+ diffusion coefficient. Also in another study, it was 
confirmed by DFT calculations (Fig. 9g and h) that KNVO with abundant 
oxygen vacancies after incorporation of K+ into NVO had a better 
diffusion path and a lower diffusion barrier, thereby accelerating the 
kinetics of Zn2+ ion intercalation [21]. Furthermore, first-principles 
calculations were conducted to get insight into the Mg2+ storage prop
erties of (NH4)2V6O16 1.5H2O (NHVO-H2O) [145]. As shown in Fig. 9i, 
the calculated value of maximum electrostatic potential for NHVO-H2O 
(− 16.20 eV) was smaller than that for NHVO (− 16.95 eV). It was also 

confirmed by CI-NEB calculations that determined the diffusion kinetics 
of Mg2+ in NHVO-H2O and NHVO (Fig. 9j). All the results indicated that 
Mg2+ can migrate more easily in the NHVO-H2O electrode without atom 
directly blocking Mg2+ (Fig. 9k and l). 

In summary, both advanced characterization technologies and 
theoretical calculation methods can certainly deepen provide deep in
sights into material structure, properties and energy storage mechanism. 

7. Conclusions and perspectives 

In general, this review mainly focused on describing the applications 
with respect to several common ammonium salt materials for SCs and 
batteries. Emerging as a new class of layered materials, ammonium salt 
materials have attracted tremendous research interest and are consid
ered as one of the most promising electrode materials for advanced 
energy storage devices due to their abundant resources, simple synthe
sis, low cost, and high specific capacity. Thanks to the introduction of 
NH4

+ ions and the unique layered structure, ammonium salt materials 
exhibit high theoretical charge storage capacity and abundant electro
active sites, thus achieving excellent electrochemical performance. 
However, it should be noted that although ammonium salt materials 
have made much progress in the field of energy storage, there are still 
some problems to be solved, such as low electrical conductivity and poor 
cycle stability, which are the primary obstacles of ammonium salt ma
terials and limit their large-scale applications. In the face of these 
problems and in order to promote the more mature development and 
application of this new electrode material, future research should also 
focus on the following directions (Fig. 10):  

(i) As for synthetic methods, the most common preparation methods 
for ammonium salt materials are still the hydrothermal-based 

Fig. 9. Change in vanadium coordination polyhedra with concentration (x) of (a) Li+ and (b) Na+ in the host structure δ-NH4V4O10. (a, b) Reproduced with 
permission [153]. Copyright 2016, The Royal Society of Chemistry. Calculated minimum energy paths of Zn2+ ion diffusion along (c) [010] and (d) [001] in 
monoclinic NH4V4O10. (c, d) Reproduced with permission [105]. Copyright 2020, Springer Nature. TDOS and PDOS of (e) NVO-SS and (f) Od-NVO-SS-2. (e, f) 
Reproduced with permission [119]. Copyright 2021, Elsevier. (g) Density of states and (h) Calculated Zn2+ diffusion barriers for paths of NVO and KNVO. (g, h) 
Reproduced with permission [21]. Copyright 2022, American Chemical Society. (i) Electrostatic potential, (j) calculated diffusion barrier, and diffusion pathway for 
Mg2+ in (k) NHVO and (l) NHVO-H2O electrodes. (i–l) Reproduced with permission [145]. Copyright 2021, American Chemical Society. 
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routes. Although these methods can synthesize improved per
formance materials to a certain extent, they are limited to the 
experimental level due to their complex synthesis process and 
conditions, which restricts large-scale synthesis and is difficult to 
achieve commercial application. Therefore, extensive experi
ments are needed to explore more simple, feasible and efficient 
synthetic methods (such as sol–gel method) to achieve large-scale 
production, which will be particularly important in future 
development.  

(ii) From the previous research results, low electrical conductivity is 
one of the main obstacles encountered in the application of 
ammonium salt materials in the field of energy storage. In 
response to this problem, researchers have proposed various 
methods to address it. Compositing ammonium salt materials 
with carbon matrix materials (such as graphene and CNTs) is the 
most suitable tool to overcome this disadvantage. Nevertheless, 
the introduction of graphene and CNTs not only increases the cost 
and dead mass, but also reduces the tap density which results in 
low energy density. As a result, more economical and practical 
strategies to improve electrical conductivity need to be explored.  

(iii) In terms of structural stability, most ammonium salt materials 
suffer from low cycle stability, which is another major bottleneck 
restricting the further development of ammonium salt materials. 
Effectively controlling the structural changes of materials during 
charging and discharging plays a key role in improving the 
cycling performance. Surface-coated carbon materials and elec
trolyte engineering can suppress electrode dissolution. In addi
tion, strategies such as constructing core@shell nanostructure, 
metal doping and defect engineering can also significantly in
crease the rate capability and cycle life.  

(iv) Precise structural control has been shown to greatly improve the 
electrochemical performance of the materials. People have syn
thesized ammonium salt materials with different morphologies 
and sizes by adjusting the type and ratio of solvents. Porous 
structural materials have high specific surface area, which can 
provide more active centers, thereby accelerating ion/electron 
transport. 3D nanostructured materials can avoid the disadvan
tages of poor cycling and rate performance caused by severe self- 
aggregation of low-dimensional nanomaterials, while retaining 
their good specific capacity. Additionally, hierarchical materials 
possess complex assembly structures and unique ionic/electrical 
propagation capabilities, which can enhance SC performance at 
large load current densities.  

(v) Reasonable electrode design can effectively promote ion/electron 
transfer, and ensure uniform dispersion of active particles, 
thereby achieving optimal performance of devices. During the 

manufacturing process of the electrode, it is inevitable to add 
binders and conductive agents. Traditional binder PVDF severely 
hinders metal ion transmission at the interface of the current 
collector/active materials. Other binders like carboxymethyl 
cellulose (CMC) and alginate exhibit better performance 
compared to PVDF. At the same time, it is encouraged to develop 
eco-friendly binders such as polyvinyl acetate (PVAc), polydop
amine (PDA), natural cellulose, and so on for electrode 
preparation.  

(vi) In addition to electrodes, electrolytes also play a role in the 
electrochemical behavior. Traditional aqueous electrolytes may 
suffer from side reactions and depletion of water content, 
affecting the lifetime and long-term stability of energy storage 
devices. Therefore, it is important to optimize electrolytes (opti
mize the salt concentration, select the optimum pH, etc.). In 
addition, hydrogel electrolytes (e.g., PVA, PAM, etc) exhibit 
better electrochemical performance than aqueous electrolytes for 
some ammonium salt materials. However, many aspects 
regarding the nature of interphases created by hydrogel electro
lytes remain elusive and require further investigation through 
characterization techniques.  

(vii) In situ characterization techniques and advanced simulation 
techniques for studying the structural changes and energy storage 
mechanisms of ammonium salt materials during electrochemical 
processes are rarely mentioned in the literature, especially for 
AMPs and AMMs. For a deeper understanding of structur
e–property correlations, more comprehensive advanced charac
terization methods should be used. 

In short, ammonium salt materials still challenging for use in EES 
devices, such as the lack of researches on ammonium metal molybdate 
and other potential ammonium salts, the elusive reaction and modifi
cation mechanism, and so on. There is no doubt that the achievements of 
ammonium salt materials in the field of energy storage are encouraging. 
We firmly believe that the above challenges will be gradually overcome 
by combining theories with experiments in the future research and the 
ammonium salt materials will exert greater application potential. 
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Fig. 10. A summary of future directions to be considered for the application of ammonium salt materials in energy storage devices.  
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[99] G. Zakharova, C. Täschner, T. Kolb, C. Jähne, A. Leonhardt, B. Büchner, 
R. Klingeler, Morphology controlled NH4V3O8 microcrystals by hydrothermal 
synthesis, Dalton Trans. 42 (2013) 4897–4902, https://doi.org/10.1039/ 
C3DT32550D. 

[100] L. Xu, Y. Zhang, H. Jiang, J. Zheng, X. Dong, T. Hu, C. Meng, Facile hydrothermal 
synthesis and electrochemical properties of (NH4)2V6O16 nanobelts for aqueous 
rechargeable zinc ion batteries, Colloids Surf. A Physicochem. Eng. Asp. 593 
(2020), 124621, https://doi.org/10.1016/j.colsurfa.2020.124621. 

[101] N. Qiu, H. Chen, Z. Yang, Y. Zhu, W. Liu, Y. Wang, Porous hydrated ammonium 
vanadate as a novel cathode for aqueous rechargeable Zn-ion batteries, Chem. 
Commun. 56 (2020) 3785–3788, https://doi.org/10.1039/C9CC09914J. 

[102] L. Xu, Y. Zhang, J. Zheng, H. Jiang, T. Hu, C. Meng, Ammonium ion intercalated 
hydrated vanadium pentoxide for advanced aqueous rechargeable Zn-ion 
batteries, Mater. Today Energy 18 (2020), 100509, https://doi.org/10.1016/j. 
mtener.2020.100509. 

[103] G. Yang, T. Wei, C. Wang, Self-Healing Lamellar Structure Boosts Highly Stable 
Zinc-Storage Property of Bilayered Vanadium Oxides, ACS Appl. Mater. Interfaces 
10 (2018) 35079–35089, https://doi.org/10.1021/acsami.8b10849. 

[104] Q. Zong, W. Du, C. Liu, H. Yang, Q. Zhang, Z. Zhou, M. Atif, M. Alsalhi, G. Cao, 
Enhanced Reversible Zinc Ion Intercalation in Deficient Ammonium Vanadate for 
High-Performance Aqueous Zinc-Ion Battery, Nano-Micro Lett. 13 (2021) 116, 
https://doi.org/10.1007/s40820-021-00641-3. 

[105] Q. Li, X. Rui, D. Chen, Y. Feng, N. Xiao, L. Gan, Q. Zhang, Y. Yu, S. Huang, A High- 
Capacity Ammonium Vanadate Cathode for Zinc-Ion Battery, Nano-Micro Lett. 12 
(2020) 67, https://doi.org/10.1007/s40820-020-0401-y. 

[106] T. Zhu, B. Mai, P. Hu, Z. Liu, C. Cai, X. Wang, L. Zhou, Ammonium Ion and 
Structural Water Co-Assisted Zn2+ Intercalation/De-Intercalation in 
NH4V4O10•0.28H2O, Chin. J. Chem. 39 (2021) 1885–1890, https://doi.org/ 
10.1002/cjoc.202100004. 

[107] R. Sun, Z. Qin, X. Liu, C. Wang, S. Lu, Y. Zhang, H. Fan, Intercalation Mechanism 
of the Ammonium Vanadate (NH4V4O10) 3D Decussate Superstructure as the 
Cathode for High-Performance Aqueous Zinc-Ion Batteries, ACS Sustain. Chem. 
Eng. 9 (2021) 11769–11777, https://doi.org/10.1021/acssuschemeng.1c03101. 

[108] T. Wei, Q. Li, G. Yang, C. Wang, Highly reversible and long-life cycling aqueous 
zinc-ion battery based on ultrathin (NH4)2V10O25⋅8H2O nanobelts, J. Mater. 
Chem. A 6 (2018) 20402–20410, https://doi.org/10.1039/C8TA06626D. 

[109] F. Cui, F. Hu, X. Yu, C. Guan, G. Song, K. Zhu, In-situ tuning the NH4
+ extraction in 

(NH4)2V4O9 nanosheets towards high performance aqueous zinc ion batteries, 
J. Power Sources 492 (2021), 229629, https://doi.org/10.1016/j. 
jpowsour.2021.229629. 

[110] Y. Chen, J. Zhao, Y. Wang, Quasi-Solid-State Zinc Ion Rechargeable Batteries for 
Subzero Temperature Applications, ACS Appl. Energy Mater. 3 (2020) 
9058–9065, https://doi.org/10.1021/acsaem.0c01452. 

[111] H. Jiang, Y. Zhang, Y. Liu, J. Yang, L. Xu, P. Wang, Z. Gao, J. Zheng, C. Meng, 
Z. Pan, In situ grown 2D hydrated ammonium vanadate nanosheets on carbon 
cloth as a free-standing cathode for high-performance rechargeable Zn-ion 
batteries, J. Mater. Chem. A 8 (2020) 15130–15139, https://doi.org/10.1039/ 
D0TA05065B. 

[112] H. Jiang, Y. Zhang, L. Xu, Z. Gao, J. Zheng, Q. Wang, C. Meng, J. Wang, 
Fabrication of (NH4)2V3O8 nanoparticles encapsulated in amorphous carbon for 
high capacity electrodes in aqueous zinc ion batteries, Chem. Eng. J. 382 (2020), 
122844, https://doi.org/10.1016/j.cej.2019.122844. 

[113] M. Tamilselvan, T. Sreekanth, K. Yoo, J. Kim, Ultrathin ammonium vanadate 
nanoflakes on carbon fiber – A binder-free high-rate capability cathode for 
aqueous medium zinc ion storage, J. Alloys Compd. 876 (2021), 160130, https:// 
doi.org/10.1016/j.jallcom.2021.160130. 

[114] P. He, S. Chen, Cathode strategies to improve the performance of zinc-ion 
batteries, Electrochem. Sci. Adv. 2 (2022) e2100090. 

[115] Y. Zhang, L. Tao, C. Xie, D. Wang, Y. Zou, R. Chen, Y. Wang, C. Jia, S. Wang, 
Defect Engineering on Electrode Materials for Rechargeable Batteries, Adv. Mater. 
32 (2020) 1905923, https://doi.org/10.1002/adma.201905923. 

[116] F. Cui, D. Wang, F. Hu, X. Yu, C. Guan, G. Song, F. Xu, K. Zhu, Deficiency and 
surface engineering boosting electronic and ionic kinetics in NH4V4O10 for high- 
performance aqueous zinc-ion battery, Energy Stor. Mater. 44 (2022) 197–205, 
https://doi.org/10.1016/j.ensm.2021.10.001. 

[117] J. Li, N. Luo, F. Wan, S. Zhao, Z. Li, W. Li, J. Guo, P. Shearing, D. Brett, 
C. Carmalt, G. Chai, G. He, I. Parkin, Defected vanadium bronzes as superb 
cathodes in aqueous zinc-ion batteries, Nanoscale 12 (2020) 20638–20648, 
https://doi.org/10.1039/D0NR03394D. 

[118] T. He, Y. Ye, H. Li, S. Weng, Q. Zhang, M. Li, T. Liu, J. Cheng, X. Wang, J. Lu, 
B. Wang, Oxygen-deficient ammonium vanadate for flexible aqueous zinc 
batteries with high energy density and rate capability at − 30 ◦C, Mater. Today 43 
(2021) 53–61, https://doi.org/10.1016/j.mattod.2020.11.019. 

[119] Y. Bai, H. Zhang, Q. Hu, Y. Zhou, B. Xiang, Tuning the kinetics of binder-free 
ammonium vanadate cathode via defect modulation for ultrastable rechargeable 
zinc ion batteries, Nano Energy 90 (2021), 106596, https://doi.org/10.1016/j. 
nanoen.2021.106596. 

[120] Y. Lu, L. Liu, D. Mandler, P. Lee, High switching speed and coloration efficiency of 
titanium-doped vanadium oxide thin film electrochromic devices, J. Mater. Chem. 
C 1 (2013) 7380–7386, https://doi.org/10.1039/C3TC31508H. 

[121] X. Wang, L. Ye, Y. Zou, L. Zhao, Q. Jiang, Constructing ultra-long life and super- 
rate rechargeable aqueous zinc-ion batteries by integrating Mn doped V6O13 
nanoribbons with sulfur-nitrogen modified porous carbon, Mater. Today Energy 
19 (2021), 100593, https://doi.org/10.1016/j.mtener.2020.100593. 

[122] X. Wang, A. Naveed, T. Zeng, T. Wan, H. Zhang, Y. Zhou, A. Dou, M. Su, Y. Liu, 
D. Chu, Sodium ion stabilized ammonium vanadate as a high-performance 
aqueous zinc-ion battery cathode, Chem. Eng. J. 446 (2022), 137090, https://doi. 
org/10.1016/j.cej.2022.137090. 

[123] D. Muthuraj, A. Sarkar, M. Panda, M. Adil, A. Sagdeo, S. Mitra, Zirconium-Doped 
Vanadium Oxide and Ammonium Linked Layered Cathode to Construct a Full-Cell 
Magnesium-Ion Battery: A Realization and Structural, Electrochemical Study, 
Batteries Supercaps 4 (2021) 1757–1770, https://doi.org/10.1002/ 
batt.202100149. 

[124] G. Qu, J. Wang, G. Liu, B. Tian, C. Su, Z. Chen, J. Rueff, Z. Wang, Vanadium 
Doping Enhanced Electrochemical Performance of Molybdenum Oxide in 
Lithium-Ion Batteries, Adv. Funct. Mater. 29 (2019) 1805227, https://doi.org/ 
10.1002/adfm.201805227. 

[125] H. Wang, R. Jing, J. Shi, M. Zhang, S. Jin, Z. Xiong, L. Guo, Q. Wang, Mo-doped 
NH4V4O10 with enhanced electrochemical performance in aqueous Zn-ion 
batteries, J. Alloys Compd. 858 (2021), 158380, https://doi.org/10.1016/j. 
jallcom.2020.158380. 

[126] S. Chen, Y. Zhang, H. Geng, Y. Yang, X. Rui, C. Li, Zinc ions pillared vanadate 
cathodes by chemical pre-intercalation towards long cycling life and low- 
temperature zinc ion batteries, J. Power Sources 441 (2019), 227192, https://doi. 
org/10.1016/j.jpowsour.2019.227192. 

[127] R. Sun, S. Dong, F. Xu, Z. Li, C. Wang, S. Lu, H. Fan, Co-intercalation strategy of 
constructing partial cation substitution of ammonium vanadate (NH4)2V6O16 for 
stable zinc ion storage, Dalton Trans. 51 (2022) 7607–7612, https://doi.org/ 
10.1039/D2DT00665K. 

[128] M. Tamilselvan, T. Sreekanth, K. Yoo, J. Kim, Wide interlayer spacing ammonium 
vanadate (NH4)0.37V2O5⋅0.15(H2O) cathode for rechargeable aqueous zinc-ion 
batteries, J. Ind. Eng. Chem. 93 (2021) 176–185, https://doi.org/10.1016/j. 
jiec.2020.09.021. 

[129] H. Jiang, Y. Zhang, Z. Pan, L. Xu, J. Zheng, Z. Gao, T. Hu, C. Meng, J. Wang, 
NH4V3O8⋅0.5H2O nanobelts with intercalated water molecules as a high 
performance zinc ion battery cathode, Mater. Chem. Front. 4 (2020) 1434–1443, 
https://doi.org/10.1039/D0QM00051E. 

[130] D. Bin, W. Huo, Y. Yuan, J. Huang, Y. Liu, Y. Zhang, F. Dong, Y. Wang, Y. Xia, 
Organic-Inorganic-Induced Polymer Intercalation into Layered Composites for 
Aqueous Zinc-Ion Battery, Chem 6 (2020) 968–984, https://doi.org/10.1016/j. 
chempr.2020.02.001. 

[131] J. Ming, J. Guo, C. Xia, W. Wang, H. Alshareef, Zinc-ion batteries: Materials, 
mechanisms, and applications, Mater. Sci. Eng. R Rep. 135 (2019) 58–84, https:// 
doi.org/10.1016/j.mser.2018.10.002. 

[132] J. Zhang, M. Wang, M. Zeng, X. Li, L. Chen, Z. Yang, J. Chen, B. Guo, Z. Ma, X. Li, 
Sulfite modified and ammonium ion intercalated vanadium hydrate with 

W. Zheng et al.                                                                                                                                                                                                                                  

https://doi.org/10.1021/acs.inorgchem.9b03160
https://doi.org/10.1002/chem.202101431
https://doi.org/10.1002/chem.202101431
https://doi.org/10.1016/j.electacta.2020.135919
https://doi.org/10.1016/j.jpowsour.2009.01.028
https://doi.org/10.1016/j.jpowsour.2009.01.028
https://doi.org/10.1039/C1CP22184A
https://doi.org/10.1016/j.jpcs.2008.12.016
https://doi.org/10.1016/j.jpcs.2008.12.016
https://doi.org/10.1016/j.carbon.2021.10.013
https://doi.org/10.1016/j.carbon.2021.10.013
https://doi.org/10.1039/C9TA07822C
https://doi.org/10.1016/j.jcis.2022.07.119
https://doi.org/10.1016/j.jcis.2022.07.119
https://doi.org/10.1016/j.electacta.2019.135506
https://doi.org/10.1002/anie.201903941
https://doi.org/10.1002/anie.201903941
https://doi.org/10.1038/s41467-017-00467-x
https://doi.org/10.1021/acsami.6b01592
https://doi.org/10.1039/C3DT32550D
https://doi.org/10.1039/C3DT32550D
https://doi.org/10.1016/j.colsurfa.2020.124621
https://doi.org/10.1039/C9CC09914J
https://doi.org/10.1016/j.mtener.2020.100509
https://doi.org/10.1016/j.mtener.2020.100509
https://doi.org/10.1021/acsami.8b10849
https://doi.org/10.1007/s40820-021-00641-3
https://doi.org/10.1007/s40820-020-0401-y
https://doi.org/10.1002/cjoc.202100004
https://doi.org/10.1002/cjoc.202100004
https://doi.org/10.1021/acssuschemeng.1c03101
https://doi.org/10.1039/C8TA06626D
https://doi.org/10.1016/j.jpowsour.2021.229629
https://doi.org/10.1016/j.jpowsour.2021.229629
https://doi.org/10.1021/acsaem.0c01452
https://doi.org/10.1039/D0TA05065B
https://doi.org/10.1039/D0TA05065B
https://doi.org/10.1016/j.cej.2019.122844
https://doi.org/10.1016/j.jallcom.2021.160130
https://doi.org/10.1016/j.jallcom.2021.160130
http://refhub.elsevier.com/S1385-8947(22)05674-1/h0570
http://refhub.elsevier.com/S1385-8947(22)05674-1/h0570
https://doi.org/10.1002/adma.201905923
https://doi.org/10.1016/j.ensm.2021.10.001
https://doi.org/10.1039/D0NR03394D
https://doi.org/10.1016/j.mattod.2020.11.019
https://doi.org/10.1016/j.nanoen.2021.106596
https://doi.org/10.1016/j.nanoen.2021.106596
https://doi.org/10.1039/C3TC31508H
https://doi.org/10.1016/j.mtener.2020.100593
https://doi.org/10.1016/j.cej.2022.137090
https://doi.org/10.1016/j.cej.2022.137090
https://doi.org/10.1002/batt.202100149
https://doi.org/10.1002/batt.202100149
https://doi.org/10.1002/adfm.201805227
https://doi.org/10.1002/adfm.201805227
https://doi.org/10.1016/j.jallcom.2020.158380
https://doi.org/10.1016/j.jallcom.2020.158380
https://doi.org/10.1016/j.jpowsour.2019.227192
https://doi.org/10.1016/j.jpowsour.2019.227192
https://doi.org/10.1039/D2DT00665K
https://doi.org/10.1039/D2DT00665K
https://doi.org/10.1016/j.jiec.2020.09.021
https://doi.org/10.1016/j.jiec.2020.09.021
https://doi.org/10.1039/D0QM00051E
https://doi.org/10.1016/j.chempr.2020.02.001
https://doi.org/10.1016/j.chempr.2020.02.001
https://doi.org/10.1016/j.mser.2018.10.002
https://doi.org/10.1016/j.mser.2018.10.002


Chemical Engineering Journal 454 (2023) 140194

21

enhanced redox kinetics for aqueous zinc ion batteries, J. Power Sources 496 
(2021), 229832, https://doi.org/10.1016/j.jpowsour.2021.229832. 

[133] W. Deng, Y. Xu, X. Zhang, C. Li, Y. Liu, K. Xiang, H. Chen, 
(NH4)2Co2V10O28⋅16H2O/(NH4)2V10O25⋅8H2O heterostructure as cathode for 
high-performance aqueous Zn-ion batteries, J. Alloys Compd. 903 (2022), 
163824, https://doi.org/10.1016/j.jallcom.2022.163824. 

[134] C. Huang, S. Liu, J. Feng, Y. Wang, Q. Fan, Q. Kuang, Y. Dong, Y. Zhao, 
Optimizing engineering of rechargeable aqueous zinc ion batteries to enhance the 
zinc ions storage properties of cathode material, J. Power Sources 490 (2021), 
229528, https://doi.org/10.1016/j.jpowsour.2021.229528. 

[135] H. Fei, X. Liu, Y. Lin, M. Wei, Facile synthesis of ammonium vanadium oxide 
nanorods for Na-ion battery cathodes, J. Colloid Interface Sci. 428 (2014) 73–77, 
https://doi.org/10.1016/j.jcis.2014.04.029. 

[136] Y. Xu, H. Dong, M. Zhou, C. Zhang, Y. Wu, W. Li, Y. Dong, Y. Lei, Ammonium 
Vanadium Bronze as a Potassium-Ion Battery Cathode with High Rate Capability 
and Cyclability, Small Methods 3 (2019) 1800349, https://doi.org/10.1002/ 
smtd.201800349. 

[137] T. Vo, H. Kim, J. Hur, W. Choi, I. Kim, Surfactant-assisted ammonium vanadium 
oxide as a superior cathode for calcium-ion batteries, J. Mater. Chem. A 6 (2018) 
22645–22654, https://doi.org/10.1039/C8TA07831A. 

[138] H. Li, J. Yang, J. Cheng, T. He, B. Wang, Flexible aqueous ammonium-ion full cell 
with high rate capability and long cycle life, Nano Energy 68 (2020), 104369, 
https://doi.org/10.1016/j.nanoen.2019.104369. 

[139] L. Yao, P. Zou, L. Su, Y. Wu, Y. Pan, R. Fu, H. Min, L. Zhong, H. Xin, L. Sun, F. Xu, 
In-situ TEM revisiting NH4V4O10 to unveil the unknown sodium storage 
mechanism as an anode material, Nano Energy 87 (2021), 106182, https://doi. 
org/10.1016/j.nanoen.2021.106182. 

[140] H. Fei, X. Liu, H. Li, M. Wei, Enhanced electrochemical performance of 
ammonium vanadium bronze through sodium cation intercalation and 
optimization of electrolyte, J. Colloid Interface Sci. 418 (2014) 273–276, https:// 
doi.org/10.1016/j.jcis.2013.12.022. 

[141] N. Yabuuchi, K. Kubota, M. Dahbi, S. Komaba, Research Development on Sodium- 
Ion Batteries, Chem. Rev. 114 (2014) 11636–11682, https://doi.org/10.1021/ 
cr500192f. 

[142] A. Sarkar, S. Sarkar, T. Sarkar, P. Kumar, M. Bharadwaj, S. Mitra, Rechargeable 
Sodium-Ion Battery: High-Capacity Ammonium Vanadate Cathode with Enhanced 
Stability at High Rate, ACS Appl. Mater. Interfaces 7 (2015) 17044–17053, 
https://doi.org/10.1021/acsami.5b03210. 

[143] X. Liu, Z. Li, H. Fei, M. Wei, Composite of K-doped (NH4)2V3O8/graphene as an 
anode material for sodium-ion batteries, Dalton Trans. 44 (2015) 18864–18869, 
https://doi.org/10.1039/C5DT03239C. 

[144] E. Esparcia, M. Chae, J. Ocon, S. Hong, Ammonium Vanadium Bronze 
(NH4V4O10) as a High-Capacity Cathode Material for Nonaqueous Magnesium-Ion 
Batteries, Chem. Mater. 30 (11) (2018) 3690–3696. 

[145] L. Wei, R. Lian, D. Wang, Y. Zhao, D. Yang, H. Zhao, Y. Wang, G. Chen, Y. Wei, 
Magnesium Ion Storage Properties in a Layered (NH4)2V6O16⋅1.5H2O Nanobelt 
Cathode Material Activated by Lattice Water, ACS Appl. Mater. Interfaces 13 
(2021) 30625–30632, https://doi.org/10.1021/acsami.1c06398. 

[146] H. Kim, J. Kim, M. Bianchini, D. Seo, J. Rodriguez-Garcia, G. Ceder, Recent 
Progress and Perspective in Electrode Materials for K-Ion Batteries, Adv. Energy 
Mater. 8 (2018) 1702384, https://doi.org/10.1002/aenm.201702384. 

[147] Y. Fan, Z. Qu, W. Zhong, Z. Hu, H. Younus, C. Yang, X. Wang, S. Zhang, 
Understanding the Effect of Interplanar Space and Preintercalated Cations of 
Vanadate Cathode Materials on Potassium-Ion Battery Performance, ACS Appl. 
Mater. Interfaces 13 (2021) 7377–7388, https://doi.org/10.1021/ 
acsami.0c23152. 

[148] J. Han, A. Varzi, S. Passerini, The Emergence of Aqueous Ammonium-Ion 
Batteries, Angew. Chem. Int. Ed. 61 (2022) e202115046. 

[149] R. Zhang, S. Wang, S. Chou, H. Jin, Research Development on Aqueous 
Ammonium-Ion Batteries, Adv. Funct. Mater. 32 (2022) 2112179, https://doi. 
org/10.1002/adfm.202112179. 

[150] S. Farai Kuchena, Y. Wang, A Full Flexible NH4
+ Ion Battery Based on the 

Concentrated Hydrogel Electrolyte for Enhanced Performance, Chem. Eur. J. 27 
(2021) 15450–15459, https://doi.org/10.1002/chem.202102442. 

[151] J. Yang, S. Muhammad, M. Jo, H. Kim, K. Song, D. Agyeman, Y. Kim, W. Yoon, 
Y. Kang, In situ analyses for ion storage materials, Chem. Soc. Rev. 45 (2016) 
5717–5770, https://doi.org/10.1039/C5CS00734H. 

[152] D. Bin, Y. Liu, B. Yang, J. Huang, X. Dong, X. Zhang, Y. Wang, Y. Xia, Engineering 
a High-Energy-Density and Long Lifespan Aqueous Zinc Battery via Ammonium 
Vanadium Bronze, ACS Appl. Mater. Interfaces 11 (2019) 20796–20803, https:// 
doi.org/10.1021/acsami.9b03159. 

[153] T. Sarkar, P. Kumar, M. Bharadwaj, U. Waghmare, Structural transformation 
during Li/Na insertion and theoretical cyclic voltammetry of the δ-NH4V4O10 
electrode: a first-principles study, Phys. Chem. Chem. Phys. 18 (2016) 
9344–9348, https://doi.org/10.1039/C5CP07782F. 

W. Zheng et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.jpowsour.2021.229832
https://doi.org/10.1016/j.jallcom.2022.163824
https://doi.org/10.1016/j.jpowsour.2021.229528
https://doi.org/10.1016/j.jcis.2014.04.029
https://doi.org/10.1002/smtd.201800349
https://doi.org/10.1002/smtd.201800349
https://doi.org/10.1039/C8TA07831A
https://doi.org/10.1016/j.nanoen.2019.104369
https://doi.org/10.1016/j.nanoen.2021.106182
https://doi.org/10.1016/j.nanoen.2021.106182
https://doi.org/10.1016/j.jcis.2013.12.022
https://doi.org/10.1016/j.jcis.2013.12.022
https://doi.org/10.1021/cr500192f
https://doi.org/10.1021/cr500192f
https://doi.org/10.1021/acsami.5b03210
https://doi.org/10.1039/C5DT03239C
http://refhub.elsevier.com/S1385-8947(22)05674-1/h0720
http://refhub.elsevier.com/S1385-8947(22)05674-1/h0720
http://refhub.elsevier.com/S1385-8947(22)05674-1/h0720
https://doi.org/10.1021/acsami.1c06398
https://doi.org/10.1002/aenm.201702384
https://doi.org/10.1021/acsami.0c23152
https://doi.org/10.1021/acsami.0c23152
http://refhub.elsevier.com/S1385-8947(22)05674-1/h0740
http://refhub.elsevier.com/S1385-8947(22)05674-1/h0740
https://doi.org/10.1002/adfm.202112179
https://doi.org/10.1002/adfm.202112179
https://doi.org/10.1002/chem.202102442
https://doi.org/10.1039/C5CS00734H
https://doi.org/10.1021/acsami.9b03159
https://doi.org/10.1021/acsami.9b03159
https://doi.org/10.1039/C5CP07782F

	Advanced ammonium salt materials for electrochemical energy storage: Recent progress and future perspectives
	1 Introduction
	2 Crystal structure of typical ammonium salts
	2.1 Ammonium vanadate
	2.2 Ammonium phosphate
	2.3 Ammonium molybdate

	3 Synthetic methods of ammonium salt materials
	3.1 Hydrothermal method
	3.2 Solvothermal method
	3.3 Microwave method
	3.4 Other methods

	4 Applications of ammonium salt materials for EES
	4.1 Applications of ammonium salt materials for SCs
	4.1.1 Ammonium monometallic phosphates
	4.1.2 Ammonium bimetallic phosphates
	4.1.3 Ammonium salt composites

	4.2 Applications of ammonium salt materials for batteries
	4.2.1 Li-ion batteries
	4.2.1.1 NH4V3O8
	4.2.1.2 NH4V4O10
	4.2.1.3 Other ammonium vanadates
	4.2.1.4 Other ammonium salt materials

	4.2.2 Zn-ion batteries
	4.2.2.1 Pristine ammonium vanadates
	4.2.2.2 Composites
	4.2.2.3 Defect engineering
	4.2.2.4 Doping engineering
	4.2.2.5 Intercalation engineering

	4.2.3 Other batteries
	4.2.3.1 Na-ion batteries
	4.2.3.2 Mg-ion batteries
	4.2.3.3 K-ion batteries
	4.2.3.4 Ca-ion batteries
	4.2.3.5 NH4-ion batteries



	5 Advanced characterization techniques
	5.1 In situ XRD
	5.2 In situ Raman spectra
	5.3 In situ TEM

	6 Theoretical calculation methodology
	7 Conclusions and perspectives
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


