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The aggravation of energy and environmental issues forces people to develop sustainable energy storage tech-
nologies. In recent years, emerging ammonium-ion storage has been considered a promising energy storage
competitor because of NH} ions as charge carriers with merits of abundant resources, inherent safety, fast
diffusion capability and unique storage mechanism. However, the development of NHy-ion storage devices is still
in the initial stage, and finding appropriate electrode materials is one of the most important tasks for fabricating
high-performance devices. This article provides a comprehensive review on recent advances of electrode ma-
terials for emerging NHy-ion storage devices. Firstly, the ammonium-ion batteries (AIBs) are briefly summarized,
and then the cathode materials, anode materials and their NH-ion storage mechanism based on hydrogen bond
are introduced. Furthermore, other NH4-ion storage devices, including NH,-ion supercapacitors (NH4-SCs), NH;-
ion capacitors (AICs), ammonium dual-ion batteries (ADIBs) and ammonium-zinc hybrid batteries (AHBs), are
also briefly introduced. Finally, a short conclusion and our perspectives on future developments for NHy-ion

storage device’s electrodes are provided in order to promote their large-scale energy storage applications.

1. Introduction

Along with the constant consumption of fossil fuels, serious envi-
ronmental pollution and the massive human demand for energy, it is
urgent to search for alternative renewable and clean energy sources (eg.
solar, wind, and tidal energy) [1,2]. Nevertheless, these green energy is
intermittent and the period is highly unstable, limiting their develop-
ment and wide application [3]. Therefore, large-scale development of
efficient energy storage technologies is an urgent need to store the
generated electricity [4]. In many energy storage technologies, batte-
ries, especially aqueous batteries with the virtues of cost-effectiveness,
environmental friendliness, high security and conductivity, have been
regarded as among the most attractive devices because of their huge
potential for industrial production and grid-scale applications [5-11].

At present, the charge carriers of most aqueous batteries are metal
ions, including Li* [12], Nat [13], K [14], Zn?* [6], Mg?" [15], Ca®*
[16], and ARt [17]. Nevertheless, the communities pay little attention
to the study of non-metallic charge carriers like proton (H"), hydronium

(H30™), and ammonium (NHZ) [18,19]. Actually, such batteries with
nonmetallic ionic charge carriers can present unique properties and
extraordinary performance [20]. Particularly, NHi as charge carrier
yielding a mildly acidic electrolyte will avoid electrodes corrosion and
suppress hydrogen evolution, which delivers much better cycling per-
formance than H" and HzO" [21]. In addition, compared with other
metallic charge carriers, NHj displays more fascinating merits: (i) NHZ
is resourceful and sustainable because it can be synthesized from the
infinite resources of nitrogen and hydrogen on earth [22]. (ii) it holds
the lightest molar mass (18 g mol™?) for high energy density batteries
[21]. (iii) although it has a large ionic radius (1.48 10\), NH{ possesses the
smallest hydrated ionic size (3.31 f\), which is beneficial for its rapid
diffusion in aqueous electrolytes [23]. (iv) ammonium salt solution is
highly dissociated and therefore provides improved ionic conductivity
[24]. (v) the unique interaction (hydrogen bond (H-bond)) between
NHZ and electrode hosts is more flexible than the rigid metal coordi-
nation [25]. (vi) the peculiar tetrahedral structure of NHj has a strong
preferential orientation and thus its intercalation chemistry in host
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materials is distinct from that of traditional spherical metal-ion carriers, 2. Composition and working principle of AIBs
thus revealing the unique electrochemical properties of ammonium-ion
batteries (AIBs) [3,26]. Similar with other metal-ion batteries, AIBs mainly consist of three
Although the breakthrough progress has been made, AIBs still face ingredients: cathode, anode and electrolytes. In addition, a separator is
the challenges of low energy density and limited operating potential arranged between the cathode and anode, avoiding short circuit caused
[27]. In order to overcome these shortcomings, other ammonium-ion by direct contact of the two electrodes. In general, cathode materials
storage devices like NH4-ion supercapacitors [28], NH4-ion capacitors mainly include Prussian blue analogues (PBAs) with high working
[29], ammonium dual-ion batteries [30], and ammonium-zinc hybrid voltage, V-based oxides with long-term cycle life, and Mn-based mate-
batteries [31] have successfully attracted the interest of researchers. rials with remarkable rate capability as well as organic materials with
Electrode materials are known to be a critical factor in determining the rich variety. Of course, organic materials, transition metal oxides/sul-
performance of electrochemical energy storage (EES) devices. However, fides and so on are also suitable for anode materials. Besides, electrolytes
these emerging NHy-ion storage devices is still in their infancy, and there frequently used in aqueous AIBs include (NH4)2SO4, NH4NO3, NH4CI,
are few reports on related electrode materials. Thus, the major challenge and NH4Ac. According to their solubility, different concentrations of
for these devices is to find appropriate electrode materials with excellent electrolytes were obtained and used in various electrode system [34].
ammonium-ion storage performance to facilitate their practical appli- Fig. 2 shows the working principle of AIBs. Generally speaking, it is
cation [32]. Meanwhile, the study of NH4-ion storage mechanism of presented that NH4-ions commute back and forth between the cathode
electrode materials is conducive to a deeper understanding and insight and anode inside the batteries. Specifically, during charging process,
of the relationship between structure and performance [33]. NHj ions are released from the cathode and move across the separator
Fig. 1 depicts some key advancements about electrode materials for and electrolyte to anode, while electrons with the same amount of
emerging NHy-ion storage devices. Yet up to now, there is no systematic charge in the cathode also migrate to anode through the external circuit.
review of recent advances in electrode materials for all emerging NHy- Ultimately, the ammonium-ions and electrons that reach the anode react
ion storage devices, and what has been published is only for AIBs. For with the anode and charging is finished. Thus, charging is the process of
example, Passerini et al. provided a comprehensive summary on cath- converting electrical energy into chemical energy, which is stored in the
odes, anodes and electrolytes of AIBs [24]. On this basis, the working battery by means of chemical bonds. While the discharge behavior is
principle and various characterization tools of AIBs were supplemented exactly the opposite, i.e. ammonium-ions and electrons are released
by Jin et al. [3]. Later, although Wang et al. added some other appli- from the anode back to cathode and both combined with the cathode,
cations of NHy-ion storage, their electrode materials were not the focus and discharging process is complete. At this point, chemical energy
of discussion [21]. Considering the growing attention on the electrode previously stored in the battery is released in the form of electrical en-
materials for emerging NHy-ion storage devices in recent years, a ergy to power the external electronic devices. According to such a
comprehensive and in-depth review of this emerging field is very reversible operation mechanism, the electrochemical performance of
necessary. AlBs is largely determined by the properties of electrode materials [3].
This review focus on the recent advances of currently available Therefore, the study of the practical applications and mechanistic in-
cathode and anode materials for emerging NH4-ion storage devices from sights of electrode materials is crucial and researchers have put great
mechanistic insights to practical applications. In terms of cathode ma- efforts on it.
terials, we focus on Prussian blue and its analogues, metal-based com-
pounds and organic materials, while for the anode materials, we mainly 3. Cathode materials for AIBs
introduce organic compounds, transition metal oxides and other anode
compounds. A short conclusion and our perspectives on future de- As we all know, cathode materials are more critical in terms of the
velopments for NHy-ion storage device’s electrodes are also provided. capacity of batteries than anode materials. Therefore, it is of great sig-

nificance to develop high-performance cathode materials for emerging
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Fig. 1. Timeline of the representative cathode and anode materials for emerging NHy-ion storage devices.
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Fig. 2. Schematic diagram of ammonium ion battery.

AlIBs to improve their capacity. Researchers have made great efforts and
contributions in this respect. Up to now, besides PBAs, metal-based
compounds and organic materials are regarded as the most promising
materials. Table 1 has listed the various cathode materials and the
corresponding performance for aqueous AIBs.

3.1. Prussian blue and its analogues

Because K and NHj have almost the same hydrated size and ionic
radius, the cathode selection of AIBs is to some extent similar to that of
K-ion batteries. As the first prototype of K-ion batteries, the choice of
PBAs as the cathode first attracted the attention of researchers [35,36].
The chemical formula of PBAs is A,M’y[M(CN)gl1.,-nH20, where A =
alkali metal, M/M’ = transition metals, 0 < x < 2, y < 1. In particular,
when M = M’ = Fe, the end product is Prussian blue (PB). M and M’ are
bonded by CN ligands respectively to form a 3D open-framework
structure [37]. PBAs with this unique structure can deliver impressive
rate capability and ultra-long cycling [38], which makes them the good
candidates for NHJ ion storage. This part will introduce the performance
of PB and some representative PBAs as cathode materials for AIBs and
their NHy-ion storage mechanism.

3.1.1. Prussian blue and its NH4-ion storage mechanism

In 2020, Shu et al. synthesized PB (Fe4[Fe(CN)gl3) through co-
precipitation route and focused on evaluating the role of NHj interca-
lation on its stability in aqueous AIBs based on density functional theory
(DFT) calculations [39]. It was found that the H-bonds formed between
NHj and N of Fe4[Fe(CN)g]3 played an key role in the stability of the
system (Fig. 3a). It is well known that the storage principles of PB in
batteries are mainly based on transition metal redox and intercalation
mechanism [40]. Shu’s group revealed that the corresponding NHy-ion
storage mechanism is associated with the reduction of two Fe>* jons to
Fe?* ions per formula unit, together with the intercalation of two NHZ
ions into the lattice of PB, based on the reaction equation given by [39]:

FeiT[Fe’(CN)gl3+2e~+2NH{ < (NHy),Fe3 T Fe3 T[Fe> T (CN)gls @

To go further, the in-situ XRD patterns (Fig. 3b and c) were collected
in a complete cycle under different charge/discharge states to demon-
strate that PB has a highly reversible structural evolution during NH}
intercalation, which involved a solid-solution reaction mechanism [39].
Taking advantage of the merits mentioned above, Fes[Fe(CN)gls

exhibited distinguished capacity of 46.7 mAh g~! at 20 C.

In another study, Li et al. controlled synthesis of ball-cutting
NaFeIH[FeH(CN)ﬁ] (Na-FeHCFs) nanocubes by changing the stirring
speed of the solution (Fig. 3d) [41]. Electrochemical tests demonstrated
their unmatched cycling stability and excellent cycling performance
(Fig. 3e). From the cyclic voltammetry (CV) results (Fig. 3f), it can be
speculated that the superior performance of Na-FeHCFs can be attrib-
uted to the reversible redox reaction of the high-spin nitrogen-coordi-
nated Fe'l/Fe! (Fet) pair. The reaction mechanism involved in Na-
FeHCFs can be described as follows [41]:

NaFe"[Fe''(CN)g]+NH{ +e~Na(NH,)Fe'[Fe'[(CN)4] (2

Typically, PB can be directly transformed between Prussian green
(PG, Fe''[Fe™(CN)g]) and Prussian white (PW, KyFe'l[Fe''(CN)g]) by
electrochemical redox reactions [42,43]. In 2018, Berlin green (BG, Fe
[Fe(CN)e]) framework showed better structural compatibility for host-
ing NH4 ions compared to Na™ ions and K ions (Fig. 3g) according to
the study of Ji et al. [44], which is reflected by higher operation po-
tential and the structural feature of NHJ insertion with almost zero
strain. Therefore, the BG electrode displayed remarkable long-term
cycle life with 78% capacity retention after 50 000 cycles. Besides,
Shu’s group added Fez(SO4)3 into NH4(SO4)2 electrolyte, which made
FeFe(CN)g cathode with a rate retention of 96.3% after nearly 1000
cycles (Fig. 3h), confirming the importance of the “common ion effect”
[45] formed by the appropriate amounts of electrolyte additives for the
improvement of electrochemical performance [46]. Similar to PB, all
XRD spectra of PG showed a consistent face-centered cubic structure,
manifesting also the existence of solid solution reaction during NH}
intercalation [46]. The electrochemical reaction mechanism of revers-
ible phase transition between Fell [FeIH(CN)6] and (NH4)FeII [FeHI(CN)6]
during charge-discharge processes was disclosed as follows [44,46]:

Fe[Fe"(CN)6]-+NHF 46~ (NHy)Fe' [Fe(CN)g] 3)

3.1.2. PBAs and their NH4-ion storage mechanism

PBAs are derived from the ligand PB with strong open frameworks.
Specifically, PBAs can be synthesized by using transition metals (Ni, Cu,
Mn, V, etc.) to substitute Fe in PB [47]. Several common PBAs for NH
ion storage, such as nickel hexacyanoferrate, copper hexacyanoferrate,
manganese hexacyanoferrate, etc., will be introduced in the following.



W. Zheng et al.

Table 1
Summary of various cathode materials and the corresponding performance for
AlBs.

Materials Electrolyte Voltage Specific Cycling Ref.
range capacity stability
(current (cycles,
density) current
density)
Fe4[Fe(CN)gl3 M 0.1-1.0V 40 88.9% [39]
(NH4),S04 vs. Ag/ mAh-g' (2000,
AgCl 1.8 1.8A
AghH gh
Na-FeHCFs 1M 0-0.7V 62 mAh 109.7% [41]
(NH4)2804 vs. SCE g7 1(0.25 (50 000,
Ag™h 2Ag™H
Berlin Green 0.5M —-0.2-1.2 80 mAh 78% (50 [44]
(NH4)2S04 Vvs.Ag/ g'GA 000, 5 A
AgCl gh gh
FeFe(CN)s 0.1M 0.2-0.8V 72 mAh 96.3% [46]
Fes(S04)3 + vs. Ag/ g1(0.8 (1000,
(NH4)2S04 AgCl Ag™) 0.2A
gh
NiHCF 0.5M 0.4-1.0V 38 mAh 88% [49]
(NH,4),S04 vs. SHE g1 (05 (500, 0.5
AghH AghH
CuHCF 0.5M 0.6-1.4V 55 mAh 91% [49]
(NH4)2S04 vs. SHE g 105 (500, 0.5
Agh Agh
Ni-APW M 0.2-09V  51.3mAh  74% [20]
(NH4)2S04 vs. Ag/ g1 (0.3 (2000,
AgCl Ag™h 0.3A
gh
NiyFe(CN)g 2M NH,Cl 0.1-09V  60.3mAh — [50]
vs. Ag/ g’l ac)
AgCl
Nay sNij osFe 1IMNH4NO;  0-1.0V 56.1 mAh  93.2% [51]
(CN)s vs. Ag/ g1 (10 (150,
AgCl 10)
NiyFe(CN)g 1M NH4NO;  0-1.0V 57.3mAh  78.2% [52]
vs. Ag/ g1 (10 (1000,
AgCl 10C)
NiHCF@CNTs 19M 0-0.9V 44 mAh 90% [54]
CH3COONH;  vs. Ag/ gl1A (300,2 A
AgCl gh gh
PNFF-60 M —0.2-1.0  925mAh  95.2% [55]
(NH4)2S04 Vvs.Ag/ g l(0.1 (1000, 2
+1mM AgCl Ag™hH Ag™hH
NiSO4
N-CuHCF 2M NH,NO;  0.5-1.0V  53.1mAh  91.5% [56]
+0.0lMCu  vs.SCE g 1(10A (17000,
(NO3), gh 10 A
gh
CuHCF 2M NH,NO;  0.3-1.1V  749mAh  72.5% (571
vs. SCE g 101 (30 000,
Agh 5Ag
N-CuHCF 5.8m 0.4-1.0V  424mAh  85% [58]
(NH4)2S04 vs. Ag/ g 1.2 (800, 0.6
AgCl Agh Agh
K-V-Fe PBAs 1M -0.1-1.2  92.85 91.44% [60]
(NH4)2S04 Vvs.SCE mAhg ' (2000, 2
(2Ag™H  AghH
MnHCF M 0-1.0V 104 mAh  98% [61]
NH,TFSl/ vs. Ag/ g1 (0.1 (100, 0.1
TEGDME Ag" Ag™h AghH
FeMnHCF 24 m -1.0-1.8 1238 68.5% [62]
NH,4CF5S03 Vvs.Ag/ mAhg' (10000,
AgCl 0.5A 3AghH
g
V505 0.5M —-0.2-0.8 70 mAh 80% (30  [65]
(NH4),S04 Vvs.Ag/ g 'GA 000, 5 A
AgCl g g
PVO 0.5M -0.5-0.9 307 mAh  42% [68]
(NH4),S04 Vvs.SCE g 1(0.5 (100,5 A
Ag™h gh
PVO 0.5M -0.5-1.0 1925 98% [22]
(NH4),S04 Vvs.Ag/ mAhg' (100,10
AgCl aAaghH Agh
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Table 1 (continued)

Materials Electrolyte Voltage Specific Cycling Ref.
range capacity stability
(current (cycles,
density) current
density)
Co-doped V,05 0.5M -1.8-1.8  172mAh  61.6% [69]
(NH4)2S04 Vvs.Ag/ g '(A (500,1A
AgCl g g
CF@NH4V 401 M 0.01-1.0 103 mAh  82.5% [71]
(NH4)2S04 Vvs.Ag/ g '(01 (100, 0.1
AgCl Ag™h Ag™h
NH4V30g'2-.9H,0 1M 0-1.0V 110 mAh  95% [72]
(NH4)2S04 vs. Ag/ g1 (01 (400, 0.1
AgCl Ag™h Ag™h
FVO 0.5M -0.4-1.2  725mAh  61% [73]
(NH4)2S04 Vvs.SHE g '(5A (500,5 A
gh gh
Hetero-VS,/VO, 5M —~0.6-0.9 200 mAh  43% [27]
(NH4)2S04 Vvs.Ag/ g '(0.1 (1000, 1
AgCl Ag™h Ag™h
MnO, 0.5M NH4,Ac  0-0.8V 176 mAh  94.7% [26]
vs. SCE g 105 (10 000,
Agh 548"
MP-20 1M NH4Ac -0.1-0.9  299.6 96.3% [78]
Vvs.SCE  mAhg?! (500,2A
aAghH gh
ES-PANI/CFs 0.5M -0.2-0.8 160 mAh  82% [79]
(NH4)2S04 Vvs.Ag/ g l'(1A (100,5A
AgCl g g™h

Note: Ni-APW, (NH,)1 47Ni[Fe(CN)glo.ss; PNFF-60, PANI/Nag 73Ni[Fe(CN)glo.ss
with 60 pL of aniline; NH4TFSI/TEGDME, bis(trifluoromethane)sulfonimide
ammonium/tetraethylene glycol dimethyl ether; PVO, polyaniline (PANI)
intercalated V,0s; CF, carbon fiber; FVO, ferric vanadate oxide; MP-20,
(NHy4)0.27MnO1 04(PO4)o.28; ES-PANI/CFs, emeraldine salt polyaniline on car-
bon felts; SCE, saturated calomel electrode; SHE, saturated hydrogen electrode.

3.1.2.1. Nickel hexacyanoferrate (NiHCF). NiHCF with large channel
structure is one of the potential PBAs cathode material for aqueous
batteries [48]. In Cui’s work, the NHJ storage performance of NiHCF
was first investigated [49]. By comparing the CV and galvanostatic
cycling electrochemical response behavior (Fig. 3i), they found that the
intercalation potential of NH{ is highest among NHJ, Li*, Na* and K.
Subsequently, Ji et al. also proposed the (NH4); 47Ni[Fe(CN)glo.gs (Ni-
APW) as cathode material, which presented good long-term cycling
performance and high capacity retention of 74% within 2000 cycles at
5C (Fig. 3j) [20]. More importantly, they created the first “rocking-
chair” NHy-ion full battery by using the Ni-APW cathode and the PTCDI
anode, which exhibited an operation voltage of 1 V (Fig. 3k) and an
energy density of 43 Wh kg™

In 2021, Yu and coworkers successfully prepared NisFe(CN)g via co-
precipitation method and studyed the topochemistry of NH4 during the
electrochemical reaction, from which they found that its initial
Coulombic efficiency was as high as 122.9% [50]. To overcome this
problem, Yu et al. proposed to reduce a small amount of Fe(CN)z~ in
NisFe(CN)g electrode with ascorbic acid, which reduced the initial
Coulombic efficiency to 95.9%, accompanied by the improvement of
electrochemical performance. In 2022, their group optimized the
structure of NigFe(CN)g by partially replacing nickel with sodium, and
its electrochemical properties of a range of Nas,Nis_,Fe(CN)g (x = O,
0.25, 0.5, 0.75, and 1) materials was investigated [51]. Surprisingly,
Nag sNij 7sFe(CN)g has the highest diffusion coefficient among all
samples, while Na; 5Nij 25Fe(CN)g shows the longest cycling life with
93.2% capacity retention after 150 cycles. The results showed that
partial Na doping optimized the electrochemical performance of Nagy.
Nip_xFe(CN)e. This pre-insertion proved to be an effective strategy in
battery systems to enhance structural stability and ionic conductivity,
thereby accelerating NHJ diffusion and providing stable cycling per-
formance. In addition to the design of electrode structure, their group
also explored the effect of different anions in electrolytes [NH4NOg3,
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Copyright 2019, The Royal Society of Chemistry. (g) Capacity retention of Berlin green for Na*, K*, and NH storage at 1 A g~'. Reproduced with permission [44].
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2021, The Royal Society of Chemistry. (i) The potential profiles of NiHCF during galvanostatic cycling of Li*, Na*, K*, and NHJ, at 50 mA g~'. Reproduced with
permission [49]. Copyright 2011, The Electrochemical Society. (j) Long-term cycling performance at 5C of Ni-APW cathode. (k) Selected GCD profiles from the initial
10 cycles at a current density of 60 mA g~ ' of aqueous NH,-ion battery. Reproduced with permission [20]. Copyright 2017, Wiley-VCH. (1) Schematic illustration of
the reaction mechanism of the NiHCF@CNTs//poly(1,5-NAPD) full cell. Reproduced with permission [54]. Copyright 2021, Elsevier. (m) SEM image; (n) and (o)
TEM images; (p) Typical GCD profiles and corresponding ex situ FTIR analysis of the PNFF-60 cathode. (m-p) Reproduced with permission [55]. Copyright 2022, The
Royal Society of Chemistry. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

NH4Cl, and (NH4)2SO4] on the electrochemical performance of NisFe
(CN)g for aqueous AIBs [52]. The results indicate that under the same
NHJ concentration, Ni,Fe(CN)g exhibits better performance in 1 M
NH4NOj3 than in 0.5 M (NH4)2SO4 and 1 M NH,4Cl, which is due to the
rhombohedral phase of NisFe(CN)g in (NH4)2SO4 electrolyte and the
strong coordination ability of chloride, respectively. We can clearly see
that in the electrolyte with the same cationic concentration, different
anions have different effects on the properties of the host materials.
Based on this, we can adjust the type of electrolyte to achieve the best
performance of the electrode materials.

To overcome the limitation caused by the inherent defects of PBAs,
researchers have tried to combine them with functional materials to
enhance the electrochemical performance [37,53]. For instance, Wang
et al. applied NiIHCF@CNTs cathode and poly(1,5-naphthalenediamine)
anode to assemble the aqueous AIB, in which NHJ acted as a charge
carrier, performing an encouraging energy density of 31.8 Wh kg™! and
showing a rocking-chair mechanism [54]. As shown in Fig. 3], during the
first charge, K™ ions were extracted from the NiHCF@CNTs cathode, and
NHj ions were inserted into the poly(1,5-NAPD) anode via a coordi-
nation reaction. Subsequently, it was mainly NHj ions that continued to
shuttle in the electrolyte, cathode and anode [54]. In addition, Yang

et al. obtained PANI/Nag 73Ni[Fe(CN)¢lo.gg with 60 pL of aniline (PNFF-
60) with regular cubes and edge lengths of about 57 nm (Fig. 3m-o) by
interface and electronic structure engineering [55]. Benefiting from
inheriting the virtues of high conductivity of PANI and stability of PBAs,
the PNFF-60 can reach 95.2% capacity retention after 1000 cycles even
at 2000 mA g~! when used as a cathode for AAIBs. The NH{ storage
mechanism of PNFF-60 was also analyzed. From the FT-IR spectrum
(Fig. 3p), upon charging, a new peak at 2164 cm ™! can be found, which
is due to the vibration of Fe>*—-CN-Ni%". This new peak disappeared
during discharge, revealing a reversible redox reaction mechanism [55].

Although the progress of NiHCF as a cathode material for AIBs has
been generally recognized, the internal defects of NiHCF are still a long-
term problem for researchers to overcome. In addition to the solution of
composite preparation, defect engineering and doping engineering can
also be regarded as the powerful means to improve the performance of
host materials, which is worthy of further exploration.

3.1.2.2. Copper hexacyanoferrate (CuHCF). CuHCF is a class of mate-
rials with a Prussian blue-like crystal structure, extensively used for
energy storage [40,47], and now it is also gradually emerging in the field
of ammonium ion energy storage. In early 2012, Cui et al. demonstrated



W. Zheng et al.

that CuHCF has a higher intercalation potential of NH4 (1.02 V vs. S.H.
E.) than that of Li*, Na® and K [49]. Their results imply that aqueous
AlBs are ideal electrochemical energy storage devices.

Time comes, Shu’s team prepared NHj -rich CuHCF (N-CuHCF), but
its capacity value was relatively low [56]. Fortunately, Cu(NO3), elec-
trolyte additive overcame this problem and endowed N-CuHCF with
excellent capacity retention of 91.5% over 17 000 cycles at 100 C
(Fig. 4a). Besides, the storage mechanism of quasi-solid-solution reac-
tion on the basis of Fe®*/Fe?" and Cu?*/Cu* pairs was uncovered by
various characterization methods [56]. To go further, the NHZ storage
and diffusion mechanism in CuHCF was disclosed by their team, who
applied the advanced characterization technique such as in-situ XRD and
ex situ XPS to describe the reversible redox reaction mechanism
formulated as follows [57]:

Cup gs[Fef 75Fel 25(CN)g1 g9-+2¢ ™ +2NHT (NH4)2Cuz o5[Fe"(CN)gl 1 60 (4)

Meanwhile, the building and breaking of H-bonds during the
ammoniation/de-ammoniation progresses is an intrinsic property of fast
charge transfer, which has been confirmed by ex-situ FTIR, SSNMR and
theoretical calculation [57]. Furtherly, the activation energy of each
diffusion step was calculated (Fig. 4b), and the diffusion process of NH4
was expounded (Fig. 4c). Once NHJ is inserted into the 48 g site of
CuHCF, a H-bond is formed between the H of NHj and the N in CuHCF.
As NHj diffuses between two adjacent 48 g sites, a new H-bond will be
formed [57]. Similarly, Passerini et al. designed a stable AAIB based on
N-CuHCF cathode, PTCDI anode, and 5.8 m (NH4)2SO4 electrolyte to
improve cycling performance, which provided ca. 72% capacity reten-
tion over 1000 cycles and an output potential of about 1 V [58].

According to the current reports on CuHCF, although it was used
earlier as the electrode materials for ammonium ion energy storage, it is
a pity that it did not get more attention in the later period. In fact,
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CuHCF itself more excellent properties is worth researchers to continue
to develop, in order to meet the needs of industrial production and
application.

3.1.2.3. Others. Apart from NiHCF and CuHCF materials, other PBAs
have also been used in AAIBs in recent years. For instance, V-PBAs have
been developed as electrode materials by researchers [59]. In 2021, Xing
and coworkers synthesized novel K-V-Fe PBAs nanocubes to ensure
improved structural stability and electrochemical activity of PBAs [60].
The materials could perform a encouraging specific capacity (92.85
mAh g1) and a long cycle life (Fig. 4d), indicating promising applica-
tion prospect of doping strategy in PBAs. Next year, Zhang’s group was
the first to report the novel organic NHJ ion batteries, verifying the
feasibility of using NH4 ions as charge carriers in organic electrolytes
[61]. Notably, MnHCF as cathode displayed excellent electrochemical
performance, delivering a reversible capacity of 104 mAh g~! at 100 mA
g_1 with 98 % retention over 100 cycles (Fig. 4e) and good rate per-
formance. In addition, its NHj ion storage mechanism related to the
Fe>™/3* and Mn?*/3" redox reactions was systematically illustrated by
combining ex-situ XRD and XPS [61]. In FeMnHCF, Mn>*/Mn?"-N redox
reaction at high potential was introduced, which not only endows the
cathodes with high voltage but also provides more capacity [62].

Although this kind of material has shown excellent electrochemical
behaviors, its specific capacity is still limited and uncompetitive.
Fortunately, the specific capacity of PBAs electrode can be improved by
introducing the multivalent metals (for example V, Mn, Co, etc.) at the
M’ site to design the multi-pair redox. Therefore, PBAs electrode like
VHCF, MnHCF and CoHCF should be more developed in the future
research.
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Fig. 4. (a) Long-term cycling performance of N-CuHCF electrodes at C-rate of 100C. Reproduced with permission [56]. Copyright 2021, Elsevier. (b) Changes of
diffusion activation energy during ammoniation/deammoniation progresses. (c) Schematic illustration of NH; diffusion from 48 g site to another. (b, ¢) Reproduced
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the structure. Reproduced with permission [71]. Copyright 2019, Elsevier.
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3.2. Metal-based compounds and their NH 4-ion storage mechanism

Aside from PB and PBAs, metal-based compounds (eg. V-based ox-
ides, Mn-based compounds) also have been commonly used as another
type of cathode materials for AIBs. On one hand, most of them with wide
interlayer structure or large open structure can provide sufficient ion
channels for great storage capacity. On the other hand, transition metals
with various valence states can form stable structures with other ions
[21]. The above two points can achieve high storage capacity. More
importantly, the storage mechanism of forming/breaking of strong
hydrogen bonds between metal-based compounds and NHJ also con-
tributes to the rapid NHj storage capability.

3.2.1. V-based oxides

V-based oxides show great promise for aqueous AIBs because the
various valences of V element (V>© < V** < V3%) can realize multi-
electron transfer during redox process and obtain high capacity, which
can compensate for the low capacity of PBAs [63,64]. Ji’s group. ob-
tained three different V505 structures VO80, VO400, and VO300, in
which the VO300 electrode can achieve longer cycling life (only 20%
NHj capacity loss after 30 000 GCD cycles at 50 C) compared to the
VO80 and V0400 electrodes (Fig. 4f) although all V205 electrodes have
similar reversible capacities of ~ 100 mAh g ! at 1 C [65]. In depth, DFT
calculations offered further mechanism insights for a non-diffusion-
controlled pseudocapacitive behavior of ammonium migrating in V505
structure. From the Fig. 4g, we can see that a small amount of charge in
the reduced V505 electrode is transferred from V to H---O=V bond
through the bonded O=V bond, resulting in V oxidation [65]. During
charge-discharge process, the total energy required to form
(NH4)0.5V205-0.5H50 (—287.464 V) is lower than that needed to form
Ko.5V205-0.5H20 (—246.245 eV) due to different energy storage mech-
anisms [65]. It is precisely because of the easy formation and fracture of
H-bonds between NH} and V05 layers that V505 has a faster storage
capacity for NHj than other metallic charge carriers (such as K*). In
addition, they also discovered that the effect of the interlayer spacing of
V505 on its NHJ storage cannot be ignored. Studies have shown that
vanadium oxide with larger interlayer spacing is beneficial to expose
more active sites and offer wider ion channels, and exhibit greater
storage capacity [66,67]. With this context, Mai et al. prepared poly-
aniline (PANI) intercalated V505 (PVO) with an expanded layer of 1.55
nm by one-step hydrothermal route (Fig. 4h) for NHy-ion batteries,
showing the highest ever reported capacity of ca. 307 mAh g~! at 0.5
mA g~ [68]. Similarly, Wang’s group prepared the PVO with an
interlayer spacing of 13.99 A between V-O layers [22]. Moreover, a high
capacity (192.5 mAh g~ ! at 1 A g~1) and superior cycling stability were
obtained by optimizing PVO electrode. Besides, Xiang’s team also
discovered that Co-doped V05 cathode can potentially help to increase
the electronic conductivity of AIBs, indicating that metal atom doping is
a feasible way for rapid electron transfer [69].

To rapidly promote the practical application of AIBs, the researchers
focused on finding layered ammonium vanadate materials that can
accommodate and reversibly release large amounts of NHZ ions [70].
For instance, Li’s group employed urchin-like NH4V4019 (Fig. 4i) as
cathode and PANI as anode in (NH4)2SO4 electrolyte to assemble a full
AIB [71]. The aqueous AIB could show a high specific capacity of 167
mAh g1 at 0.1 A g1. However, aqueous electrolyte may produce side
reactions caused by water hydrolysis, thus affecting the lifespan of
batteries [72]. To solve this problem, Wang et al. assembled a full
flexible AIB arranging a concentrated hydrogel electrolyte sandwiched
between the NH4V30g'2-.9H,0 nanobelts cathode and the PANI anode
[72]. Results show that the battery with the gel electrolyte displays a
capacity of 60 mAh g~! with 88% capacity retention after 250 cycles at
0.1Ag™ ! [72].

In addition, Xu’s group first introduced layered iron vanadate (FVO)
nanosheets as NHJ ion storage electrode, manifesting a specific capacity
of 72.5 mAh g’1 at 5 A g’1 [73]. In addition, NH} insertion also
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involved the formation of H-bonds between NHJ ions and FVO nano-
sheets [73]. To enhance charge separation efficiency and boost elec-
tronic transportation, Du’s team in situ constructed a heterostructural
VS3/VO, cathode material (Fig. 5a-d) [27]. Thanks to the internal
electric field at heterogeneous interfaces, the heterostructural VS;/VO,
provided higher capacity above 150 mA g~ at 0.1 A g~* compared to
VS, (Fig. Se).

3.2.2. Mn-based compounds

Except for V-based oxides, Mn-based compounds are also worthy of
attention. It is well known that Mn-based compounds are mature ma-
terials for aqueous batteries [74,75], especially for Zn-ion batteries [76].
Liu and his colleagues were the first to introduce an electrodeposited
manganese oxide (MnO,) cathode for NH} storage [26]. A solid-solution
behavior of the reversible NHJ insertion/deinsertion associated with
continuous formation/destruction of H-bonds between NHZ ions and the
layered MnO, was described by systematically experimental and theo-
retical studies (Fig. 5f-g). As displayed in Fig. 5h, the outstanding per-
formance of the MnO, with a high capacity of 66 mAh g~ even at 10 A
g’1 was observed in 0.5 M NHyAc electrolyte [26]. Given its fast ion
diffusion and high output potential, manganese phosphate is another
promising Mn-based compound as cathode material for aqueous batte-
ries such as aqueous Na-ion batteries [77]. Liu’s group also created a
porous amorphous manganese phosphate material (MP-20) by electro-
chemical treatment (Fig. 5i) for NHZ storage [78]. Meanwhile, a novel
NHJ/H" co-intercalation mechanism of MP-20 electrode in 1 M NH;Ac
electrolyte was given. It is the coordination effect of Ac™ in NH4Ac
electrolyte that can greatly tune the surface properties of electrodes and
improve electrochemical performance [78]. As a result, the MP-20
electrode exhibited an unprecedentedly high specific capacity of 299.6
mAhglat1Ag™

3.3. Organic materials and their NH4-ion storage mechanism

Organic materials have been developed as cathode materials for
various aqueous batteries because of their molecular-level controlla-
bility and structural diversity, as they can store cations in conjugated
chemical bonds during discharge [79-81]. Among them, polyaniline
(PANI) has aroused great attention owing to its high electrical conduc-
tivity, high Coulombic efficiency, benign environment, low cost, and
easy synthesis [81,82]. For instance, Wang et al. utilized in-situ poly-
merization to synthesize emeraldine salt polyaniline on carbon felts (ES-
PANI/CFs) as cathode for NHj storage [79]. Fig. 5j and k illustrated the
intercalation process of NHJ in the electrode ES-PANI doped with CI~
ions using 0.5 M (NH4)2SO4 electrolyte. During charge-discharge, the
interaction between NHJ and — SO3 or — SOF~ was confirmed by the
formation of a new peak at 980 cm ™! and 2980 cm ™!, demonstrating the
presence of — SO3 (NHZ) or — SO3 (NH{),. [79]. It was worth
mentioning that the ES-PANI/CFs presented excellent cycling perfor-
mance with 82% capacity retention after 100 cycles at 5 A g~ 1.

In general, various kinds of materials containing PBAs, metal-based
compounds, and organic materials have been widely employed as
cathodes for AIBs. The charge storage mechanism of these host materials
is inseparable from the formation and rupture of hydrogen bonds with
NHJ. Among them, PBAs with open-framework structure exhibit many
merits such as simple synthesis, low cost, large enough diffusion chan-
nels to accommodate large-sized NHg-ions, ultra-long lifespan and un-
expected rate capability, and are very promising cathode materials for
AIBs. At the same time, other kinds of cathode materials also need
further attention and development to better meet the energy storage
requirements of AIBs.

4. Anode materials for AIBs

Anode material is also a key factor for AIBs, because they require a
relatively low potential to meet a high cell potential. It is also for this
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reason that anode materials are reported less than cathode materials. As
listed in Table 2, we have summarized anode materials such as organic
compounds, transition metal oxides and others, and their corresponding

American Chemical Society.

performance for AIBs. This section will introduce the performance of

these common anode materials
mechanism.

for AIBs and their NH4-ion storage

Table 2

Summary of various anode materials and the corresponding performance for AIBs.
Materials Electrolyte Voltage range Specific capacity (current density) Cycling stability (cycles, current density) Ref.
poly(1,5-NAPD) 19M CH5COONH, —0.8-0.4 V vs. Ag/AgCl 141 mAh-g ' (1 Ag™)) 94% (1000, 5 A g 1) [54]
PTCDI 1M (NH,4),S0, —~1.0-0.2 V vs. Ag/AgCl 105 mAhg' (1.2Ag™) 89.5% (500, 1.2 A g™) [20]
PNTCDA 25 m NHyAc —1.0-0 V vs. Ag/AgCl 106 mAhg ' (8A g™ 88.7% (30 000, 8 A g™ 1) [871
CF@PANI 1M (NH4)2S04 —0.1-0.5 V vs. Ag/AgCl 77mAh g1 (0.1Ag™) 81.8% (100, 0.1 A g™ 1) [71]
QA-COF 0.5M (NH,),S04 —0.6-0.6 V vs. SCE 220.4mAh g ' (0.5A g™ 90.7% (500, 0.5 A g~1) [25]
ALO 1M (NH4),S04 —0.8-0.1 V vs. Ag/AgCl 120 mAh g ' (10A g™ 80% (1500, 10 A g™1) [90]
TiO; g5(OH)g.30-0.28H,0 25 m NH,Ac —~1.3-—0.6 V vs. Ag/AgCl 84mAh g™ (05Ag™) 80% (125,5A g™ ") [92]
h-MoO3 1M NH,CI —0.5-0.8 V vs. SCE 115mAhg 1 (0.1Ag™) 94% (100 000, 15 A g™1) [94]
h-WO3 1M (NHg4),SO4 —~1.1-0.8 V vs. Ag/AgCl 82mAhg ' (1Ag™) 68% (200 000,20 A g™1) [95]
VO,@PPy 0.5M NH4Ac —0.9-0 V vs. SCE 195.4mAh g ! (0.2Ag™) 85% (2000,1 A g™ 1) [96]
d-vo 1M (NH4)2S04 —0.7-0.3 V vs. Ag/AgCl 200 mAh g1 (0.1Ag™h) 72.9% (1000, 2 A g™ 1) [23]
Ko.38(H20)0.52MO0S, 1M (NH,4),S04 —0.4-0.8 V vs. Ag/AgCl 50.7mAh g ' (0.5Ag ") 72% (50,0.5A g 1) [100]

Note: poly(1,5-NAPD), poly(1,5-naphthalenediamine); PTCDI, 3,4,9,10-perylenetetracarboxylic diimide; PNTCDA, 1,4,5,8-naphthalenetetracarboxylic dianhydride-
derived polyimide; COF, covalent organic framework; ALO, alloxazine; VO,@PPy, vanadium oxide/polypyrrole; d-VO, defective VOo; KMS, Ko 35(H20)0.82M0S5.
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4.1. Organic compounds

Organic compounds with flexible structures and large internal voids
are used not only as cathodes but also more as anodes for AIBs [54,58].
Particularly, the NHy-ion storage mechanism in organic anode materials
containing C=0 bonds is propounded, which can accommodate NH4 by
the reaction of NH4-ions with C=0 bonds [32]. For instance, PTCDI with
high capacity has been used as cathode for Li/Na-ion batteries [83,84].
Its inherent characteristics of n—n aromatic stacking make it have high
electron transfer [85], which also makes it a potential anode for AIBs. In
Ji’s study, PTCDI has been demonstrated to have an attractive perfor-
mance for NHf storage [20]. At 0.24 A g’l, a maximum reversible ca-
pacity of 127.9 mAh g~! with two reversible charge/discharge plateaus
was observed in Fig. 6a, indicating the incorporation of two NHj. Spe-
cifically, Fig. 6b depicted the mechanism for NHJ insertion in PTCDI
anode. The C=0 bond in carbonyl groups located at diagonal position in
the PTCDI structure would be broken to form O—NHZ [20]. Polyimide
(PI or PNTCDA) also attracted attention as an appealing electrode ma-
terial for rechargeable batteries [86]. Later, the above group investi-
gated NHZ insertion of the PNTCDA anode in 25 m NH4Ac water-in-salt
electrolytes [87]. As shown in Fig. 6¢c and d, this anode delivered an
excellent rate capability (a capacity of 80 mAh g~ ! even at 100 C) and a
remarkable cycling stability (capacity maintained at 88.7% even over 30
000 cycles at 50 C). Also, the NH{ storage mechanism of PNTCDA was
demonstrated to be similar to PTCDI (Fig. 6e). Moreover, Li et al. and

Chemical Engineering Journal 466 (2023) 143197

Wang’s group both fabricated the flexible full AIBs by employing
ammonium vanadate cathode and PANI anode, which exhibited
remarkable flexibility and excellent electrochemical performance at
different bending angles [71,72]. Their works shed a light on developing
flexible aqueous AIBs in the future.

Covalent organic frameworks (COFs) with an open channel for the
transport of ions/electrons and the facilitated infusion of electrolyte can
serve as potential electrode materials [88]. Currently, a COF anode re-
ported by Alshareef et al. could achieve a high capacity of 220.4 mAh
g 1 at 0.5 A g1, outperforming previous reported [25]. Thereafter, the
intercalation mechanism of NHJ ions in this COF electrodes was also
explored by combining spectroscopic analysis and theoretical simula-
tions, confirming H-bonds between NHZ and COFs. Alloxazine (ALO),
having high theoretical specific capacity of 250 mAh g™}, outstanding
cycling stability, excellent rate performance, together with low redox
potential, is another attractive organic anode material [89,90]. Most
recently, Tao et al. introduced the ALO anode for aqueous AlBs,
achieving a capacity of 120 mAh g~ at 10 A g~! because of its pseu-
docapacitive effect along with rapid diffusion kinetics of NH} (Fig. 6f).
Meanwhile, a full cell assembled with Ni-APW cathode and ALO anode
could maintain a capacity of 110 mAh g ! at 5 A g~ over 10 000 cycles,
and the Coulombic efficiency was always stable at 100% (Fig. 6g) [90].
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4.2. Transition metal oxides

It is common knowledge that transition metal oxides (TMOs) are
extensively used as anode materials for aqueous batteries owing to their
high capacity and low potential [91]. This experience is no exception for
aqueous AlBs. In 2018, amorphous titanic acid
(TiO1 g5(0OH)g.30-0.28H,0) was reported as anode host for NHf [92]. It
was confirmed by ex-situ FTIR that a strong NH{—O-Ti H-bond between
NHZand the titanic acid was formed. Specifically, after the ammoniation
of the titanic acid at — 1.3 V vs. Ag/AgCl, the broad Ti-O bond peak of
1550 ~ 1600 cm™! showed an obvious red-shift [92]. Molybdenum
oxides are also very competitive candidates for aqueous battery as-
sembly due to their low cost and specific tunnel structure [93]. In 2020,
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Zhi’s group reported a hexagonal MoO3 (h-MoO3) electrode (Fig. 7a),
whose large hosting spatial location is beneficial for cations migration
[94]. As a result, h-MoOs could provide a decent capacity of 32 mAh g~*
even at 15 A g~ and maintain 94% capacity after 100 000 cycles. Such
excellent performance should be attributed to the ultrafast battery ki-
netics, originating from the reversible building/breaking of H-bonds
between NHZ and the exposed corner O in h-MoOs (Fig. 7b) [94]. With
similar structure, h-WO3 maintains high structural stability, which can
be confirmed by SEM observation (Fig. 7c) that the overall morphology
of h-WOs3 has not changed during charge—discharge [95]. This is because
NHJ ions can pass through the ionic channel and be easily accommo-
dated in it, leading to great stability of up to 200 000 cycles with 68%
capacity retention at 20 A g~' [95]. Additionally, the simulated
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intercalation process of NHJ ions into h-WO3 tunnels was also uncov-
ered. It can be seen from Fig. 7d that the inserted NHJ interacts with not
only h-WOs3 but also the adjacent H,O through hydrogen bonds [95].
More recently, Liu and coworkers fabricated an electrodeposited vana-
dium oxide/polypyrrole (VO,@PPy) anode [96]. Thanks to the strong
interaction between PPy and VO, (Fig. 7e), this anode delivered a high
specific capacity of 195.36 mAh g~! at 0.2 A g~ (superior to previous
reported anode materials in NHj storage) [96]. Besides, defective VO,
was evaluated as a high-capacity (about 200 mAh g™! at 0.1 A g1
anode material for aqueous AIBs, which broadened the potential
application of this battery for sustainable energy storage [23].

4.3. Others

In addition to organic compounds and TMOs, other metal-based
materials like MXenes and transition metal sulfides as anode materials
have gradually aroused researchers’ interests [97,98]. MXenes are a
large family of two-dimensional (2D) materials with good electrical
conductivity and hydrophilic surfaces [99]. As early as 2013, Gogotsi’s
group reported spontaneous intercalation behavior of NH4-ions between
2D Ti3CoTy MXene layers (Fig. 7f), but it showed charge storage prop-
erties more like capacitive behavior [99]. In another study, a hydrated-
based molybdenum sulfide Ko 33(H20)0.52M0S3 (KMS) was proposed by
Huang et al., who utilized it as a common host to act as an anode for
various rechargeable aqueous cation (K*, Nat, Li*, NHJ, Mg?*, AI®,
etc.) batteries [100]. It could achieve a stable redox potential of about —
0.1 V vs. Ag/AgCl and a larger interlayer spacing with a higher specific
capacity of over 50 mAh g~ at 0.5 A g ! compared to MoS,. Therefore,
interlayer engineering can be an effective method to enlarge the inter-
layer spacing, thus promoting the NHJ storage capability for layered
compounds in AlBs. Fig. 7g depicted the charge-discharge process of
KMS. Obviously, it experienced a two-phase reaction [100]:
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Ko.33(H20)0.52M0S,-0.38¢ " —>MoS,+0.38K ™" (5)

MoS,+xA(H20),™ xe A, (Hy0),MoSy(A=K,Na,Li,NH;,Mg,Al) (6)

It is worth noting that the topological chemistry of reversible (de)
intercalation cations in MoS; relies on the composition of electrolyte
during the subsequent discharge and charge [100].

In summary, various anode materials including organic compounds,
metal oxides/sulfides have been reported. Like cathode materials, their
NHj storage mechanism is also related to the formation/fracture of H-
bonds. Among them, organic compounds are widely explored as anodes
of AIBs due to their abundant resources, wide redox potential and easy
recycling. Although these anode host materials have achieved good
performance, their lower potential makes it more difficult to study
anode materials compared with cathode materials. As an indispensable
part of the battery, the importance of anode is self-evident. Therefore,
other better anode materials are also worthy of researchers’ attention.

5. Other energy-storage devices

Although AIB has obvious advantages, its research is still in the
initial stage, and there are still several challenges such as low working
potential and low energy density that need to be further solved. As a
result, it is necessary to explore other high-performance energy storage
devices to alleviate these issues. Undoubtedly, electrode materials are
still the research focus of these devices. We have summarized the elec-
trode materials and corresponding performance of these NH} storage
devices, as shown in Table 3. This section will introduce the electrode
materials used in other ammonium ion energy storage devices such as
NH4-ion supercapacitors, NH4-ion capacitors, ammonium dual-ion
batteries, and ammonium-zinc hybrid batteries and their ammonium-
ion storage mechanism in addition to aqueous ammonium-ion batteries.

Table 3
Summary of various electrode materials and the corresponding performance for other NHj storage devices.
Electrode Devices Materials Electrolyte Voltage range Specific capacity (current Cycling stability (cycles, current Ref.
type density) density)
Cathodes NH- PVO 1M PVA/NH,Cl —0.2-1.0 V vs. Ag/ 351F-g ! (1 A-g™H) 82% (2000, 1 A g™ [106]
SCs AgCl
NVO 1M PVA/NH,Cl —0.8-1.0 V vs. Ag/ 339F-g7 1 (0.5A-g7Y) 71% (14 000, 100 mV s~ 1) [101]
AgCl
VOH/PEDOT 1M PVA/NH,Cl -0.2-1.0 Vvs. Ag/ 327F g1 (0.5A g™ 47% (6000, 1 mV s~ 1) [103]
AgCl
ACC@VPP 1M PVA/NH,Cl —0.5-1.0 V vs. Ag/ 511F g1 (0.5A g™ 72% (10 000, 0.5 A g 1) [102]
AgCl
5-MnO, 1M (NH,),SO4 0-1.0 V vs. SCE 9.5F cm™2 (2 mA cm™?) 60% (5000, 20 mA cm™~?) [28]
P-M-S 27 m NH4Ac —1.0-0.1 V vs. Ag/ 196F g ' (1Ag™) — [110]
AgCl
ADIBs NayFe[Fe(CN)s] ~ NayS04/(NH4)2SO4 —0.2-1.4 V vs. SHE 77mAh g (0.1Ag™) 53% (600, 0.5 A g~ 1) [44]
PTMA 1M (NH,4),S04 0.1-1.0 V vs. SCE 80 mAh g ' (0.5A¢g™Y) 86.4% (10 000, 5A g™1) [117]
PANI/CNF 1M (NH4),SO4 0.1-1.0 V vs. SCE 2125 mAhg ' (0.5Ag™h) 72.1% (5000, 5 A g~1) [118]
AHBs Na-FeHCF ZnS0,/(NH4)2S04 —0.2-0.7 V vs. SCE 67.4mAh g ! (0.5Ag™ ) 92.1% (2000, 2 A g 1) [120]
CuHCF 1M (NH4),S04 0.3-1.1 V vs. SCE 588 mAh g~ ! (0.3Ag™) 78.4% (1000, 1.8 Ag™1) [121]
A-NiCo-DH 2M NH4Ac 0-0.9 V vs. SCE 280.6 mAh g ! (0.72A g™) 72.1% (1000,7.2 A g™ 1) [31]
Anodes NHj- (NH,),WOs 2M NH,Ac —0.8-0.2 V vs. SCE 8.0F cm™2 (2 mA cm™?) 85.8% (5000, 20 mA cm™2) [111]
SCs
MoOs@C (NH,)2804-gel —0.6-0.6 V vs. Ag/ 473F-g ' (1 A-g™H 92.7% (5000, 20 A g~ 1) [112]
AgCl
MoS,@TiN/ 1M NH,Cl —0.8-0 Vvs. Ag/ 1.1Fem 2 (2 mA cm™?) — [113]
CNTF AgCl
AICs rGO-PI (NH,)2804-gel —~1.0-0 V vs. SCE 102F-g ' (0.5Ag™H) 94.2% (10 000, 5A g™ 1) [29]
ADIBs PI 1M (NH,),SO4 —0.9-0.1 V vs. SCE 157.3mAh g 1 (0.5Ag™)) — [117]
PI/NDC/CNT 1M (NH,),SO4 —0.9-0.1 V vs. SCE 161 mAh g ! (0.5Ag ™) 87.9% (5000, 0.5 A g™ 1) [118]
PTCDI 1m NH4PFe/ADN- —~1.0-0.4 V vs. SHE 67 mAh g™ (0.08 A g™ ") — [30]

EMC

Note: SCs, supercapacitors; ADIBs, ammonium dual-ion batteries; AHBs, ammonium-zinc hybrid batteries; AICs, NHy4-ion capacitors; PVA, polyvinyl alcohol; NVO,
(NHy4)2V10025-8H,0; VOH/PEDOT, poly(3,4-ethylenedioxithiophene) (PEDOT) intercalated hydrated vanadium oxide (VOH); ACC@VPP, PEDOT/PSS intercalated
VOH on active carbon cloth (ACC); PTMA, poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate); CNF, carbon nanofiber; A-NiCo-DH, activated NiCo double
hydroxide; MoS,@TiN/CNTF, MoS, nanosheets anchored on TiN nanowires supported on carbon nanotube fibers; rGO-PI, graphene-polyimide; NDC, nitrogen-doped
carbon; NH4PF¢/ADN-EMC, ammonium hexafluorophosphate/adiponitrile-ethyl methyl carbonate.
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5.1. Supercapacitors

At present, most researches about NHJ-storage electrode materials
focus on aqueous AIBs. However, there is a rare research on NHy-ion
supercapacitors (SCs) [101-103]. It is well-known that NHy-ion SCs are
energy storage devices between NHy-ion capacitors and NHy-ion batte-
ries with special properties such as higher capacity, longer cycle life and
shorter charge/discharge time than NHy-ion capacitors, and their elec-
trochemical performance mainly depends on electrode materials
[104,105]. Therefore, it is necessary to explore advanced electrode
materials for NH-SCs.

Layered vanadium oxides and their derivatives as electrode materials
can be used not only for AIBs but also for NH4-SCs because of V multiple
valances and adjustable structure to effectively insert/extract ions
[106]. For instance, Wang et al. synthesized an ammonium vanadium

Chemical Engineering Journal 466 (2023) 143197

oxide framework of (NH4)2V19025-8H20 (NVO) for flexible quasi-solid-
state (FQSS) hybrid SC (HSC) by hydrothermal route (Fig. 8a) [101].
HSC often has the advantage of large potential window [107]. The NVO
cathode manifested a remarkable capacity (169 mAh g~ at 0.5A g ) in
NH4Cl/PVA electrolyte, outperforming the value in NH4CI electrolyte
(134 mAh g’l). From Fig. 8b, we can see that the CV curves exhibited a
rectangle-like shape with two couples of broad peaks and they became
inconspicuous due to the decrease of NHj intercalation and H-bond
contribution when scan rete up to 100 mV s}, which indicates that the
storage mechanism of NVO belongs to both the double layer capacitance
and intercalation pseudocapacitance [101]. To enhance the kinetics and
stabilize the structure during the NHj (de)intercalation, their group
proposed PVO with the expanded interlamellar spacing of 13.9 A [106].
The FQSS PVO//AC HSC showed outstanding cycle stability with ca.
60% over 10 000 cycles (Fig. 8c). Later, Chen et al. of the same group
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successively developed VOH/PEDOT (hydrated vanadium oxide/poly
(3,4-ethylenedioxithiophene)) [103] and ACC@VPP (PEDOT/PSS
intercalated VOH on active carbon cloth (ACC)) (Fig. 8d) [102] as host
materials for NH{-HSC. The NH{-storage mechanism in the ACC@VPP
electrode is shown in Fig. 8e, in which the reversible (de)intercalation of
NHj is accompanied by H-bonds construction/rupture between NHZ
and V-0 layers [102]. The reaction mechanism can be described by the
following equation:

(NHy)p, V2052 (NHy) - V205+xNH{ +xe ™

d

)

NH,* Pre-intercalation

One-step hydrothermal
180°C,20 h

Carbon cloth (N
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The intercalant of polymer played an auxiliary role in the ion
diffusion and electron transfer of electrode materials, which endowed
ACC@VPP with a high superior capacitance of 170 mAh g 'at0.5A g™}
[102].

Besides, MnO; has also gradually become a potential electrode ma-
terial for SCs owing to its layered structure and considerable theoretical
capacitance (1110 F gfl) [108,109]. In 2021, Zhou et al. assembled an
aqueous ammonium-ion HSC (A-HSC) based on the layered 8-MnOs
cathode, ACC anode, and aqueous (NH4)2SO4 electrolyte [28]. Similar to

H,), WO, nanorods (P63/mcm)

b __150
Cs
U e vi — 125+
R_.L/U\J 2
3 P M 2 1004y,
Sl ~Jd g B | :
E_J_/.k_,L‘_L . m s -~
(7] nr -
g —— 8 504
= —A/'J\L_._L g
- At Ll @
—*/L“L._l % 9
1 ©
| \ | PDF#73-1084 g' 0 v T T T T T + T - T T T T
A A - "Sr "R Y} 0 2000 4000 6000 8000 10000 12000 14000
2 Theta (degree) Cycle number
d S

3
ol

Hydrothermal synthesis i\f-,,,
A <

TiO/CNTF

Nitrogenization

CNTF TiNICNTF
f ~I10°F o J— — 30° — 60° h 120
£ SEHS g A —w -
o This Work S K100 @agg
= I 111 1O R %200
2 ol | Rereo | |Al [Renas ) T g 2t 4 902000000004,
=10 e e e it £ = 80}
E’ Rel.70 MRl = ~a 8
'E [ ‘Z’ or _-' Bending angle E 60
B - N
<10'f - Ret71 3 | 2 ol
@ = * g 5
3 Ret7z || ReET3 = 3 20}
=00 S " ime ()
10 Il I U L ; . . . \ \ . . . .
0 1t 10t 10t e 0.0 0.7 1.4 2.1 0 200 400 600 800 1000
Power density (0W c¢cm™) Voltage (V) Cvele number

Fig. 9. (a) Schematic diagrams of the structure and synthesis process of (NH4)yWOs. (b) The ex situ XRD patterns of (NH4)xWOj3 anode. (c) Cycling performance (at

20 mA cm ™~ 2) of (NH4)xWO3//a-MnO, A-HSCs. (a-c) Reproduced with permission

[55]. Copyright 2022, The Royal Society of Chemistry. (d) Schematic illustration of

the synthetic process of MoS,@TiN/CNTF. (e) EDS mappings of Ti, N, Mo, and S elements of MoS,@TiN. (f) Ragone plots of the FAASC in this work and recently
reported fiber-shape supercapacitors. (g) CV curves of the as-assembled FAASCs under various bending angles at 10 mV s~*. (h) Cycling performance of the as-
assembled FAASCs at 2 mA cm 2. (d-h) Reproduced with permission [113]. Copyright 2022, American Chemical Society.

13



W. Zheng et al.

other TMOs, the NHZ (de)intercalation in 8-MnO, cathode is also along
with H-bond building/breaking (Fig. 8f). Compared with traditional
aqueous metal-ion (K*, Na®, Li*, Zn?") HSCs, A-HSCs delivered
impressive cycling performance with 72.2% capacitance retention over
5000 cycles (Fig. 8g). It is impressive that the HRTEM image and SAED
pattern (Fig. 8j) of the discharged 6-MnO, are almost identical to that of
the pristine 3-MnO, (Fig. 8h and i), implying that the structural changes
of 8-MnOs are negligible during the charging-discharging process, which
may be attributed to the large amount of NHJ ions inserted into the
layered 5-MnO,, as pillars to stabilize the structure [28]. Additionally, in
order to efficiently suppress the dissolution and collapse of vanadium
oxide and thus improve the cycling stability during charge/discharge,
PPy coating or adding PVA to the electrolyte to form a hydration film
coating electrode is also an effective strategy [96,101,106]. Further-
more, Lin and coworkers took the lead in applying organic polymers to
ammonium-ion asymmetric SCs, which paved the way for future
exploration in this direction [110].

Developing anode materials is more challenging than cathodes
because of their lower potential. Therefore, A-SC anode materials re-
ported in the literature are far less than cathodes. Most recently, Tang’s
group reported a tunnel-structured (NH4),WO3 anode (Fig. 9a) for fast
NHj storage [111]. Coupled with o-MnO, cathode, a novel
(NH4),WO3//a-MnOy A-HSC was developed. From ex situ XRD pattern
(Fig. 9b), we can infer that the NHj (de)intercalation process is
reversible, which is conducive to the cycling performance of A-HSCs,
with capacity retention of 78.6% over 13 600 cycles (Fig. 9c). Another
anode material MoOs@C composite for NH;-SCs delivered an unprec-
edented specific capacitance of 473 F-g ! at 1 A-g~! and 92.7% capac-
itance retention over 5000 cycles [112]. This excellent performance
stems from the oxygen vacancies that enhance the ion/electron trans-
port and electrochemical reaction sites of the composites, while pro-
moting the formation of H-bonds between NHJ and host materials
[112]. Afterwards, freestanding core — shell heterostructure electrodes
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with MoS; nanosheets anchored on TiN nanowires supported on carbon
nanotube fibers (MoS,@TiN/CNTF) as anodes for fiber-shaped NHj
asymmetric ASCs (FAASCs) were constructed by hydrothermal and
nitridation methods (Fig. 9d and e) [113]. Ragone plots (Fig. 9f)
depicted the areal energy density of FAASCs in this work dropped from
195.1 to 144.4 pyWh cm 2 when the scan rate changed from 2 to 20 mA
cm ™2, outperforming the most previously reported. In addition, the as-
assembled FAASCs also showed good structural stability, outstanding
mechanical flexibility and excellent cycling performances (Fig. 9g and
h) [113].

5.2. NHy-ion capacitors

Ion capacitor (IC) is a high-performance hybrid energy storage de-
vice, which can be made of the battery-type anode and EDLC-type
cathode materials. Based on the advantages of wide working potential,
great specific capacity and fast charge/discharge rates, IC can achieve
extraordinary energy performance [114]. After Li-ion capacitor [115],
Na-ion capacitor [116] or K-ion capacitor [114], NHy-ion capacitors
(AICs) show great prospect in energy storage.

Quite recently, Zhang et al. proposed an AIC by employing graphene-
polyimide (rGO-PI) anode and N-doped carbon nanofiber (NCNF)
cathode (Fig. 10a) [29]. Attributed to the unique microstructure and
physiochemical characteristics of electrodes, as-assembled device dis-
played satisfying performances such as a high energy density of 45.9 Wh
kg™!, a good cycling stability of ~ 94% capacitance retention after 10
000 cycles at 5 A g~! and good flexibility (Fig. 10b) [29]. However, there
are few reports about AIC at present, which is worth further exploring.

5.3. Dual-ion battery

For the dual-ion battery (DIB), not only cations but also anions in
electrolyte can be inserted. Specifically, it operates in a mode where
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cations are inserted into the anode and anions into the cathode, in which
both cations and anions are charge carriers, alleviating the problem of
low working voltage of AIBs (~1 V) [21].

Up to now, there are a few reports about the new ammonium dual-
ion batteries (ADIBs). For example, Ji et al. constructed a DIB based
on the NagFe[Fe(CN)g] cathode hosting NHZ and the NaTiy(PO4)3 anode
accommodating Na® during operation (Fig. 10c) by taking advantage of
a higher working potential (~1.1 V) of NHJ (de)insertion in the PBA’s
framework [44]. As shown in Fig. 10d, such a new system exhibited a
promising rate capability. Meanwhile, the corresponding reaction
equations of cathode were given as follows [44]:

NayFe[Fe(CN)g]—Fe[Fe(CN)g]+2Na+2e~ (8)

Fe[Fe(CN)g]+NHZ +¢e ™ (NH4)Fe[Fe(CN)g] 9)

In 2019, Zhang’s group assembled an all-organic aqueous ADIB using
the poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA)
cathode (for reversible SO%‘ insertion/extraction), PI anode (for
reversible NH] (de)intercalation) and 1 M (NH,4)2SO4 aqueous electro-
lyte [117]. This ADIB demonstrated a wider working voltage (1.9 V)
than typical aqueous AIBs [117]. Similarly, another purely organic ADIB
consisting of PANI cathode and PI, N-doped carbon and carbon nano-
tubes anode could obtain a high energy density of 114.3 Wh kg™! when
the power density reached 18.6 kW kg~! [118]. In 2022, Alshareef and
coworkers proposed an ADIB with a record-breaking operation voltage
of 2.75 V, suggesting the possibility of developing high-voltage AIBs to
meet the sustainability requirements [30].

5.4. Hybrid battery

As a distinction, dual-cation batteries use only two cations as charge
carriers, while hybrid batteries can use two or more cations as charge
carriers, which can further expand the operating window and increase
energy density [119]. At present, some researchers have combined AIBs
with traditional metal-ion batteries like Zn-ion batteries to construct
ammonium-zinc hybrid batteries (AHBs) to boost the feasibility and
efficiency of AIBs in practical application. In 2019, Huang et al. fabri-
cated such an AHB using Na-FeHCF nanocubes cathode for hosting NHZ
coupling with zinc anode [120]. This new hybrid battery displayed an
operating voltage of 1.3 V and a decent energy density of 81.7 Wh kg ™?,
outperforming many typical AIBs and hybrid batteries. Besides, the
electrochemical mechanism of this battery could be represented as fol-
lows [120]:

Anode:

xZnexZn’t+2xe”(0<x<0.5) (10)

Cathode:

2xNaj 4sFe[Fe!'(CN)g]0.03-3.2H,0+2xNH{ +2xe ~2xNa 45(NH,)Fe'l[-
Fe'((CN)glo.03-3.2H,0 an

In another study of their group, only the cathode of AHB was
replaced by CuHCF, and its working potential was increased to 1.8 V as
well as a satisfactory energy density of 114 Wh kg™! was obtained
(Fig. 10f) [121]. Despite the increased energy density, their experiments
encountered the problem of low capacity because only one redox pair
was present during NHJ insertion. Therefore, PBAs with multiple redox
pairs are promising alternatives. Recently, Liu’s group reported an
electrochemically activated NiCo double hydroxide (A-NiCo-DH) as the
cathode for aqueous AHB (Fig. 10e) [31]. This electrode delivered a high
discharge capacity of 280.6 mAh-g~! at 0.72 A-g~!, which is attributed
to the introduction of H vacancy in A-NiCo-DH during electrochemical
activation, enhancing the electrochemical activity of the electrode ma-
terial. Moreover, spectroscopy studies indicated that A-NiCo-DH expe-
rienced a NH;/H" co-insertion mechanism and the electrochemical
reactions are shown as follows [31]:
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Anode:
ZneZn>t42e” 12)
Cathode:
NiCoy.1H7 30103(NO3)0.28+xNHJ +yH " +(x+y)
Ci<—>NiC04_1(NHI)XH7_3+yOI0.3(NO3)0.28 13)

As mentioned above, similar to AIBs, the electrode materials of other
devices used for NH{ storage also include PBAs, metal-based compounds
and organic materials. However, the research on these materials is still
in its infancy, and the related reports are very limited, which needs more
exploration. In view of the potential application of emerging NHy-ion
storage devices, it is necessary to take some structural strategies such as
composites, doping and defect engineering to further optimize electrode
materials to obtain better electrochemical performance.

6. Conclusions and perspectives

Emerging as a new class of large-scale electricity storage technolo-
gies, NHy-ion storage devices including AIBs, AICs and NHJ-SCs have
aroused researchers’ great interest and have been considered as the most
potential energy storage competitors owing to their abundant resources,
inherent safety, fast diffusion capability and unique storage mechanism
of NH{. Finding suitable and efficient electrode materials for NH4-ion
storage devices with excellent electrochemical performance is still a
huge challenge. This review focused on a wide range of cathode mate-
rials covering Prussian blue and its analogues, metal-based compounds,
organic materials and anode materials including organic compounds,
transition metal oxides and other anode compounds. Most importantly,
the H-bond chemistry plays a significant role during NHy-ion storage
process, which brings new insights into the importance of chemical
bonds between inserted ions and electrode hosts in high-power energy
storage devices, and thus provides a new way to explore electrode
design.

With respect to cathodes, PBAs are the most universal and potential
cathode materials for NHy-ion storage devices owing to the large
interstitial sites and open channels in their framework structures.
Although this kind of material has shown excellent electrochemical
behaviors, its specific capacity is still limited and uncompetitive.
Fortunately, the specific capacity of PBAs electrode can be improved by
introducing the multivalent metals (for example V, Mn, Co, etc.) at the
M’ site to design the multi-pair redox. Therefore, PBAs electrode like
VHCF, MnHCF and CoHCF should be more developed in the future
research. Additionally, metal-based compounds (V-based and Mn-
based) also possess the promising application prospect due to their
considerable reversible capacity, but from the point of view of practical
application, the stability of structure still needs to be improved. Insert-
ing other particles (like Fe>*, NHJ, PO3", PANI, etc.) into the metal layer
is regarded as an effective strategy not only to enhance the cycling
performance but also to further enhance the capacity of electrode ma-
terials. Furthermore, other structural strategies such as composites,
doping and defect engineering are worthy of consideration. Another
kind of very promising cathodes, organic materials, also exhibit great
electrochemical performance with remarkable cycling stability. Never-
theless, few studies focus on the development of related materials, only
PANI has been reported at present, and other types of organic materials
need further exploration.

Regarding to the anode materials, organic compounds (PANI, PTCDI,
etc.) have been regarded as the most potential anode for NH4-ion storage
devices due to their favorable performance. Such organic materials with
multiple functional groups (such as C=0) which can well accommodate
NHj at low potential are worthy of further development by researchers.
However, organic compounds usually suffer from low electronic con-
ductivity, which hinders their large-scale application. The preparation
of organic composites with high conductivity can be achieved by coating
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carbon-based materials such as CNT, Keqin Black, rGO, etc. Also, the
cycling performance under low current density is still unsatisfactory,
requiring extensive improvement. Other anode materials, such as h-
MoOg3, h-WOs3, MXenes, etc. show excellent performance for NHy-ion
storage, but their output potential is high, so it is necessary to develop
other metal-based materials with low output potential, such as titanium-
based materials. Meanwhile, more experiments and simulations can be
used in close conjunction to deeply understand how the physical and
chemical properties of electrodes affect the electrochemical perfor-
mance, so as to facilitate the development of electrodes. In general,
however, the anode materials seem to have been relatively less studied
compared with cathodes. As we know, as an indispensable part of EES
devices, the anode is as important as cathode. As a result, NH-ion
storage devices need to explore more novel electrode materials to meet
all practical application requirements.

As for the ammonium-ion storage mechanism, we know that its
exploration has a significant meaning in the fundamental understanding
and future large-scale application of advanced ammonium-ion storage
systems. There are two kinds of ammonium-ion storage mechanisms in
various electrode materials, namely reversible insertion/extraction
mechanism of NH4 and adsorption mechanism of NHj. The former is
adopted for the energy storage mechanism of metal-based compounds, i.
e., the reversible insertion/extraction of NH} in the layers or tunnel
structures of metal-based compounds, which is related to the formation/
breakage of hydrogen bonds between NH7 and metal-based compounds.
While the latter mechanism is used for energy storage in organic ma-
terials, i.e., NH4 is mainly adsorbed on organic groups such as conju-
gated carbonyl groups and conjugated amine groups, and the hydrogen
atoms in NH} form hydrogen bonds with oxygen or nitrogen atoms in
organic compounds. However, the detailed ammonium-ion storage
mechanism is difficult to be explained clearly because of the lack of
reliable theoretical basis and advanced standard characterization tech-
niques. Hence, developing more precise characterization techniques
coupled with ab initio calculations will help to a better understanding of
ammonium-ion storage mechanism and the correlation between the
structure and property, which will provide fascinating guidelines to
comprehend and design more efficient materials for NHy-ion storage
devices.

Even although some achievements have been made in electrode
materials of NHy-ion storage devices, it is still far from real practical
application. There is still a lot of work to be done to advance the
industrialization of NH4-ion storage devices, such as the exploitation of
novel cathode and anode materials with good rate capability and high
conductivity, the optimization of electrolyte and additive, etc. In addi-
tion, there is another challenge that deserves our attention, i.e., the
safety of ammonium-ion storage devices, whose electrolyte is an
ammonium salt solution, and NH3 produced during energy storage can
cause environmental pollution and health problems. Anyway, we firmly
believe that the above solutions will eventually become a reality through
unremitting scientific research, and as a strong competitor, NHs-ion
storage devices will have promising applications in large-scale station-
ary energy storage.
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