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Encapsulation of Prussian Blue Analogues with Conductive
Polymers for High-Performance Ammonium-Ion Storage

Qiang Liu, Dongzhi Zhang, Yunting Yang, Yalan Gu, Zhenyan Liang, Wenshu Chen,
Yuping Wu, and Linfeng Hu*

Multivalent manganese-based Prussian blue analogues (Mn-PBA) possess
multi-electron transfer characteristics and exhibit unique properties for
achieving high energy density in ammonium ion batteries (AIBs). However,
the irreversible structural collapse and sluggish ionic diffusion kinetics
result in inferior rate capability and undesirable lifespan. Herein, guided by
theoretical calculations, a series of ultrafine Mn-PBA@ conductive polymers
core–shell composites through an in situ polymerization and encapsulation
strategy are synthesized to solve the above existing issues for Mn-PBA.
Among various designed conductive polymers (including the poly-pyrrole
(ppy), polyaniline, and poly(3,4-ethylenedioxythiophene)) coated on Mn-PBA,
the Mn-PBA@ppy shows the strongest adsorption for ammonium ions and
the highest manganese atom removal energy barrier. Acting as the cathode
of AIBs, the designed Mn-PBA@ppy exhibits a remarkable high capacity of
72 mAh g−1, a super-stable discharge platform of 0.81 V, and excellent cycling
stability of 94% retention for over 300 cycles (0.1 A g−1) with an ultrahigh
NH4

+ diffusion coefficient of ≈1.38 × 10−8 cm−2 s−1. This work offers
an in situ polymer encapsulation approach to simultaneously enhance the
ammonium ion diffusion kinetics and structural stability. More importantly,
this organic/inorganic interfacial design can promote the development
of cathode materials with rapid diffusion kinetics and excellent cyclic stability.

1. Introduction

Aqueous batteries are gaining considerable interest due to the
growing safety concerns surrounding commercial lithium-ion
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batteries that use flammable organic
electrolytes.[1] Until now, aqueous batter-
ies commonly use metal ions, such as
Li+, Na+, K+, Zn2+, and Al3+, as charge
carriers.[2–7] However, metal ion batteries
suffer from severe dendrite growth be-
havior during the charge–discharge cy-
cles. Non-metallic charge carriers, such
as ammonium ions (NH4

+), protons, and
hydronium, possess distinctive charac-
teristics, including their lighter molar
mass, smaller hydrated ion size, and
faster ion diffusion rate compared to tra-
ditional metal ion charge carriers.[8] Es-
pecially, in aqueous solution, the NH4

+

generates a mildly acidic electrolyte,
which can mitigate electrode corrosion
and experience less hydrogen evolution
compared to protons and hydronium.[9]

Given these advantages, recently, aque-
ous ammonium ion batteries (AAIBs)
have garnered significant attention as a
promising next-generation battery tech-
nology. To date, a number of electrode
materials have been reported for AAIBs,
such as metal oxides (e.g., V2O5,[10]

MoO3,[11] and MnOx
[9]), and organic materials (e.g., 3,4,9,10-

perylenetetracarboxylic dianhydride[12] and polyimide[13]). In
general, most of the currently described cathode materials for
AAIBs cannot meet the requirements of simultaneously achiev-
ing high capacity and stable operating voltage.[9–12] Undoubtedly,
developing new materials that address the above challenge for
pursuing high energy density rechargeable AAIBs with satisfied
working stability is highly anticipated.

Prussian blue analogues (PBA) of A2−xM[Fe(CN)6]1−y·zH2O,
where A is an alkali metal and M represents a transition metal,
are very appealing candidates for rechargeable battery cathodes
owing to their open channel structures that are suitable for ion
insertion/extraction.[14–17] Especially, in recent years, Mn-based
PBA have gained intense attention in electrochemical energy
storage applications, because they possess two redox-active cou-
ples (Mn2+/Mn3+ and Fe2+/Fe3+), thus providing a high specific
capacity and high operational voltage.[18] Unfortunately, Mn-PBA
typically exhibits high polarizability and inferior cyclic stability as
a cathode material due to its poor conductivity, side reactions with
the electrolyte, phase transition, and dissolution of Mn element
during cycling.[19]

Various strategies (such as metal oxide coatings,[20] artificial
cathode electrolyte interphase,[21] and carbon layer coatings[22])
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have been developed to restrain the Mn dissolution and elec-
trode destruction. However, there are many drawbacks for these
strategies: I) Poor electrical conductivity of metal oxide coating
layer inevitably affects the rate performance of the energy stor-
age battery.[23] II) Artificial cathode electrolyte interphase still
suffers from inferior compatibility with Mn-based cathodes and
thus causing an unsatisfactory long-term cycling stability.[24] The
use of carbon materials (including graphene,[25] graphite layer,[26]

copolymer,[27] etc.) as coatings for Mn-based cathode materials
enables a certain degree of flexibility, which can not only help
to relieve the stress of the active material during the ion storage
process, but also improve the electrical conductivity of the cath-
ode. Unfortunately, at present, the interface between the carbon
layer coating and the Mn-based active material often shows weak
connecting or instability characteristic, and the problems of Mn
dissolution from the active material still exist, resulting in unsat-
isfied energy storage performance, especially for the cyclic stabil-
ity. Therefore, a well-designed interface for the carbon coated Mn-
based cathode material with strong and stable interfacial coating
layer is very important, but still lacking.[28]

In this work, we designed an optimal interfacial chemical
state in conjugated polymer coated Mn-PBA composite via an
in situ polymerization strategy. With the encapsulation of Mn-
PBA nanocubes with conductive polymers, the newly formed
dense coating layer can effectively promote ion diffusion and pre-
vent Mn atoms dissolution, suggesting the enhanced rate capa-
bility and structural stability for the hybrid cathode. In particu-
lar, among the conjugated polymer including poly-pyrrole (ppy),
polyaniline (PANI), and poly(3,4-ethylenedioxythiophene) (PE-
DOT)), the Mn-PBA@ppy can achieve the highest adsorption
energy for ammonium ions and dissolution energy barrier for
manganese atoms. Acting as the cathode of ammonium ion bat-
teries, the designed Mn-PBA@ppy exhibits an outstanding en-
ergy storage performance, showing a remarkable high specific
capacity of 72 mAh g−1, a super stable discharge platform of
0.81 V, and excellent cycling stability of 94% retention for over
300 cycles (0.1 A g−1) with an ultrahigh diffusion coefficient of
≈1.38 × 10−8 cm−2 s−1.

2. Results and Discussion

2.1. Theoretical Calculations

To gain a deep understanding on the Mn dissolution suppres-
sion effect in the Mn-PBA@conductive polymers, we performed
density functional theory (DFT) calculations and investigated the
adsorption energies of ammonium ions and the dissolution en-
ergy barriers of Mn atoms at the interface. Interestingly, DFT
calculations reveal that the adsorption energy of ammonium
ions onto Mn-PBA@ppy (4.86 eV) is evidently higher than that
for the bare Mn-PBA (3.87 eV), Mn-PBA@PANI (4.52 eV), and
Mn-PBA@PEDOT (4.32 eV) (Figure 1a and Table S1, Support-
ing Information). This difference confirms the effect of dense
coating layer in Mn-PBA@ conductive polymers, which enables
the efficient transport for electrons and ions, thereby promot-
ing fast electrochemical redox kinetics. The calculated energy
barriers (EB) for Mn atoms removed from the interface further
reveal the reason of the suppression effect of Mn dissolution
in the Mn-PBA@conductive polymers. Results show that the

EB in bare Mn-PBA is merely 5.79 eV, making the removal of
Mn atoms relatively simple. However, when Mn atoms disso-
lute from Mn-PBA@conductive, a substantially higher energy
barriers of 10.62, 8.79, and 7.06 eV, respectively, are required
in Mn-PBA@ppy, Mn-PBA@PANI, and Mn-PBA@PEDOT, re-
spectively (Figure 1b; Figures S1 and S2, Supporting Informa-
tion). The theoretical calculations presented above indicates that
the coating of a conductive polymer can enhance the adsorp-
tion energy for ammonium ions and the dissolution energy bar-
rier for Mn species from the PBA lattice. The suppression ef-
fect of Mn dissolution during the electrochemical NH4

+ inser-
tion/extraction in PBA lattice originated from this dissolution
energy barrier regulation is further schematically illustrated in
Figure 1c. In the case of Mn-PBA, Mn dissolution into the elec-
trolyte occurs through the cathode/electrolyte interface during
the cycling process because of the disproportionation reaction of
Mn3+ that aggravates the dissolution of Mn.[29] In contrast, for
Mn-PBA@conductive polymers, the dissolution of Mn from the
crystal is effectively suppressed due to the dense conductive poly-
mer coating layers encapsulated Mn-PBA.[30,31]

2.2. In Situ Polymer Encapsulation

We then started our experimental study by synthesizing the as-
designed Mn-PBA sample and Mn-PBA@ppy, Mn-PBA@PANI,
and Mn-PBA@PEDOT composites. X-ray diffraction (XRD) ex-
periments were conducted to study the crystal structures of these
prepared Mn-PBA based composites (Figure 2a,b; Figure S3 and
Table S2, Supporting Information). Results indicate that the Mn-
PBA@ppy, Mn-PBA@PANI, and Mn-PBA@PEDOT retain the
characteristic cubic structure of PBA (with a space group of Fm3̄m
and lattice parameters of a = b = c = 10.09, 10.50, 10.15 Å, re-
spectively). The Fourier transform infrared (FTIR) spectra of Mn-
PBA, Mn-PBA@ppy, Mn-PBA@PANI, and Mn-PBA@PEDOT
are depicted in Figure 2d and Figure S4 (Supporting Informa-
tion). The peak observed at 2070–2150 cm−1 can be attributed
to the stretching vibration mode of C≡N bond (𝜈C≡N) located be-
tween Mn2+ and Fe3+ ions.[32] The peak at 3422 cm−1 corresponds
to the stretching vibration mode of the O─H bond (𝜈O─H), and
the peak at 1615 cm−1 stands for the O─H bending mode (𝛿O─H)
of water molecules adsorbed on the sample surface.[33] The Ra-
man spectra in Figure 2e show that the peaks near 1370 and
1530 cm−1 gradually appear (the two peaks correspond to the D
and G bands of graphite), demonstrating the polymer layers are
successfully coated for the Mn-PBA@ppy, Mn-PBA@PANI, and
Mn-PBA@PEDOT materials.[34] All of the Mn-PBA based sam-
ples exhibit two vibration peaks between 2030 and 2140 cm−1,
indicating that the iron cations with carbon coordination exhibit
Fe3+, while the nitrogen coordinated cations of Mn2+/3+.[35] The
interaction forces between several polymers and Mn-PBA were
analyzed using the X-ray photoelectron spectroscopy (XPS) data.
Figure S5 (Supporting Information) demonstrates the negative
shift of Mn 2p1/2 and Mn 2p3/2 peaks of Mn-PBA@ppy (ΔE =
0.44 and 0.32 eV, respectively), Mn-PBA@PANI (ΔE = 0.34 and
0.27 eV, respectively), Mn-PBA@PEDOT (ΔE = 0.44 and 0.32 eV,
respectively) compared to that of bare Mn-PBA, indicating in-
creased electron density at the Mn atoms provided by conductive
polymers and manganese form ionic bond.[36]
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Figure 1. a) Calculated adsorption energies for the ammonium ions on Mn-PBA, Mn-PBA@ppy, Mn-PBA@PANI, and Mn-PBA@PEDOT, respectively.
The insets in (a) illustrate the evolution of ammonium ions inserted into bare Mn-PBA, Mn-PBA@ppy, Mn-PBA@PANI, and Mn-PBA@PEDOT, re-
spectively. b) Calculated energy barriers of Mn atoms removed from the interface of Mn-PBA, Mn-PBA@ppy, Mn-PBA@PANI, and Mn-PBA@PEDOT,
respectively. The insets in (b) illustrates the evolution of Mn dissolution Mn-PBA, Mn-PBA@ppy, Mn-PBA@PANI, and Mn-PBA@PEDOT, respectively.
c) Schematics of Mn dissolution in Mn-PBA and the suppression effect induced by dense conductive polymer coating layers in the Mn-PBA@conductive
polymers.

The contact angle tests were performed to evaluate the wetta-
bility of the materials, which is an important character for achiev-
ing high energy storage performance in aqueous battery systems
(Figure 2f). Mn-PBA exhibits a contact angle of 13°, indicating
its hydrophilic property. Upon incorporating polymer with Mn-
PBA, the contact angles of Mn-PBA@ppy, Mn-PBA@PANI, and
Mn-PBA@PEDOT are measured as 27°, 23°, and 19°, respec-
tively. These values represent a small increase as compared to the
contact angle of Mn-PBA, however, all the Mn-PBA@conductive
polymer samples behave hydrophilic, which will enable the fast
and entirely wettability for the aqueous electrolytes. We then
studied the morphology and microstructure of the obtained rep-
resentative Mn-PBA@ppy sample. The transmission electron
microscopy (TEM) (Figure 2g) and Field-emission scanning elec-
tron microscopy images (Figure S6, Supporting Information) re-
veal the highly uniform nano-cubic shape with an average size
of ≈250 nm for the Mn-PBA@ppy. Figure 2h exhibits the se-
lected area electron diffraction (SAED) pattern along the [001]
zone axis of the Mn-PBA@ppy nanocube. Furthermore, the high-
resolution TEM (HRTEM) image (Figure 2i) displays a well-
ordered crystal lattice with a d-spacing of 0.37 nm, which can be

assigned to the (220) planes of Mn-PBA@ppy. This pattern serves
as evidence for the monocrystalline structure in the observed in-
dividual particle of Mn-PBA@ppy. One can clearly distinguish
the ppy coating layer with a thickness of ≈4.3 nm (marked by yel-
low lines) outside the Mn-PBA nanocubics, demonstrating the
successful formation of a “ppy shell/Mn-PBA core” structure. Ad-
ditionally, the TEM coupled energy dispersive spectrum (EDS)
mapping results in Figure 2j–n confirm the homogeneous distri-
bution of Mn, Fe, C, and N elements in the Mn-PBA@ppy sam-
ple. These features collectively indicate the successful prepara-
tion of a high-quality Mn-PBA@conductive polymer (including
ppy, PANI, and PEDOT) samples.

2.3. Ammonium-Ion Storage Behavior

To validate the theoretical investigations of the interfacial dense
coating layers on the kinetics, capacity, and dissolution of Mn,
we then studied the electrochemical properties of the prepared
samples for ammonium ion storage. Through the galvanostatic
charge–discharge (GCD) curves (Figure 3a) and dQ/dV profiles
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Figure 2. a) XRD patterns of the prepared Mn-PBA, Mn-PBA@ppy, Mn-PBA@PANI, and Mn-PBA@PEDOT samples. b) Rietveld refinement of the
XRD pattern and c) crystal structure of Mn-PBA@ppy. d) FTIR spectra, e) Raman spectra, and f) contact angle results of Mn-PBA, Mn-PBA@ppy,
Mn-PBA@PANI, and Mn-PBA@PEDOT, respectively. g–n) The TEM image, HRTEM image, SAED pattern, and EDS-mapping results of Mn-PBA@ppy.

(Figure 3b), it is observed that Mn-PBA exhibits a redox poten-
tial difference (ΔE) of 0.18 V during the first cycle, which is sig-
nificantly higher than those of Mn-PBA@conductive polymers,
especially for Mn-PBA@ppy (0.12 V). This indicates that the con-
ductive polymer coatings result in a low polarization potential dif-
ference, allowing for highly reversible electrochemical reactions.
The combination of a stable charge/discharge potential plateau
(0.81 V) and remarkable high specific capacity (72 mAh g−1) en-

able the superior energy density compared with some other re-
cently reported cathode materials[12,37–42] (Figure 3c and Table
S2, Supporting Information), making the Mn-PBA@ppy mate-
rial as a promising candidate for ammonium-ion battery cath-
odes. Rate capability and long-term cycling stability are crucial
factors for evaluating rechargeable battery performance. In terms
of rate performance (Figure 3d), the prepared Mn-PBA and Mn-
PBA@conductive polymers initially show similar capacities at
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Figure 3. a) GCD profiles at 0.1 A g−1. b) The corresponding dQ/dV curves converted from (a). c) A comparison of the discharge voltage plateaus and
specific capacities between our Mn-PBA@ppy nanocubes and some previously reported representative cathodes for aqueous ammonium battery.[12,37–42]

d) Rate performance and e) long-term cycling performance of Mn-PBA, Mn-PBA@ppy, Mn-PBA@PANI, and Mn-PBA@PEDOT cathodes. f) GITT profiles
in the second cycle and the calculated ammonium ions diffusion coefficients. g) A comparison of the NH4

+ diffusion coefficients between our Mn-
PBA@ppy composite and some previously reported cathode materials for aqueous ammonium battery.[43–54] h) A schematic of the assembled Mn-
PBA@ppy//PTCDA ammonium ion full battery. i) Cycle performance of the assembled full battery at 0.1 A g−1.

0.1 A g−1, however, the Mn-PBA@ppy sample exhibits competi-
tive reversible capacity of 39 mAh g−1 with a steady GCD curve
even at a high current density of 3.0 A g−1, surpassing those of
the Mn-PBA (13 mAh g−1), PBA@PANI (33 mAh g−1), and Mn-
PBA@PEDOT (28 mAh g−1). Long-term cycling test conducted
at a current density of 0.1 A g−1 reveals the exceptional high cy-
cling stability for our Mn-PBA@ppy cathode, which exhibits a
remarkable high-capacity retention of 94% after 300 cycles. This
performance stands in stark contrast to the unsatisfied stability
of Mn-PBA, PBA@PANI, and Mn-PBA@PEDOT, which achieve
only 20%, 87%, and 61% retentions, respectively, under the same
conditions (Figure 3e).

The evaluation of the electrochemical properties of the com-
posite is affected by whether the coating layer has ion storage
capacity. Accordingly, the ammonium ion storage test was con-
ducted on pure ppy. As shown in Figure S7 (Supporting In-
formation), the pure ppy cathode in 2 m NH4OTf electrolyte
almost show no capacity (≈6 mAh g−1) on energy storage at

0.1 A g-1. On the other hand, the amounts of conductive poly-
mers are also an important factor affecting the electrochemical
performance, so we tested the ammonium ion storage perfor-
mance of different amounts of ppy (Figure S8, Supporting In-
formation). We label the drops of pyrrole monomer (100 and
200 μL) as Mn-PBA@ppy1 and Mn-PBA@ppy2. Long-term cy-
cling tests conducted at a current density of 0.1 A g−1 reveal that
our Mn-PBA@ppy1 and Mn-PBA@ppy2 cathode exhibit excep-
tional cycling stability, retaining a remarkable capacity of 94%
and 91% after 300 cycles. However, the excessive coating con-
tent of ppy resulted in an initial capacity of only 43 mAh g−1 for
Mn-PBA@ppy2, which is much lower than for Mn-PBA@ppy1
(72 mAh g−1). The aforementioned results demonstrate that Mn-
PBA@ppy1 is the optimal selection for high-capacity and stable
ammonium storage.

Detailed electrochemical analysis was then conducted to elu-
cidate the internal kinetics behind the competitive ammonium-
ion storage performance for our best-performed Mn-PBA@ppy

Adv. Energy Mater. 2024, 2402863 © 2024 Wiley-VCH GmbH2402863 (5 of 11)
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cathode. The kinetics of ammonium-ion diffusion was first as-
sessed utilizing the galvanostatic intermittent titration technique
(GITT), as shown in Figure 3f. Strikingly, an exceptionally high
diffusion coefficient for ammonium ions of ≈1.38 × 10−8 cm−2

s−1 was observed in Mn-PBA@ppy, far surpassing that of the pris-
tine Mn-PBA cathode (≈5.62 × 10−10 cm−2 s−1) as well as certain
previous studies[43–54] (Figure 3g). This finding serves as a con-
firmation of the significant improvement in electrochemical ion
storage kinetics achieved through the implementation of our op-
timized in situ polymer encapsulation strategy. We have tested
the electrochemical impedance to study the dynamics of the elec-
trode material. The Nyquist plot includes the high-frequency re-
gion which corresponds to the charge transfer resistance (Rct)
and the low-frequency region represents the signal of ion diffu-
sion resistance. The Rct of Mn-PBA@ppy (18.20 Ω) is smaller
than that of Mn-PBA (24.92 Ω), suggesting Mn-PBA@ppy has a
superior electron conductivity (Figure S9 and Table S4, Support-
ing Information).

Cyclic voltammetry (CV) curves obtained with different scan
rates provide valuable insights into the energy storage behaviors
and mechanisms and enable the determination of energy storage
capacity contribution ratios for ammonium ion storage by ana-
lyzing the relationship between peak current densities and scan
rates (Figure S10, Supporting Information). The b values of four
different peaks A–D of 0.99, 0.79, 0.73, and 0.87 can be derived
for the peak A to peak D of the four primary peaks, respectively,
indicating capacitive-effect is the predominant contribution for
ammonium-ion storage in the Mn-PBA based cathodes. For the
Mn-PBA@ppy sample, the proportion of capacitive-controlled ca-
pacity ranges from 63% to 88% as the scan rate increases from
0.2 to 1.0 mV s−1, which are much higher than that of Mn-PBA
(ranging from 28% to 58%). This indicates an increase in the ca-
pacitive contribution with the coating of poly-pyrrole, highlight-
ing the enhanced capacitive behavior of Mn-PBA@ppy.

To evaluate the practical application potential, we en-
deavor to construct a full battery based on our Mn-
PBA@ppy cathode (Figure 3h). The Mn-PBA@ppy//3,4,9,10-
perylenetetracarboxylic dianhydride (PTCDA) full battery was
assembled, with commercial PTCDA selected as the anode
material due to its suitable reduction potential and two-electron
reaction (Figure S11a, Supporting Information). The CV curves
obtained during the initial three cycles exhibit no signifi-
cant changes, displaying two prominent oxidative peaks at
0.88/1.28 V and well-defined reductive peaks at 0.41/1.23 V
in the scan, which suggest the excellent reversibility for the
assembled full battery (Figure S11b, Supporting Information).
The GCD profile verifies a specific capacity of 56 mAh g−1 (based
on the total active mass of cathode and anode materials) for the
constructed full battery (Figure S11c, Supporting Information).
The rate performance of the Mn-PBA@ppy//PTCDA full battery
reveals reversible capacities ranging from 53 to 28 mAh g−1

as the current density increases from 0.1 to 5.0 A g−1 (Figure
S11d, Supporting Information). Upon returning to 0.1 A g−1,
the capacity rapidly recovers to 46 mAh g−1, indicating a decent
high-rate tolerance of the full battery. In terms of long-term
cycling performance, the Mn-PBA@ppy//PTCDA full battery
demonstrates an impressive cycle life exceeding 100 cycles at
0.1 A g−1. It also exhibits a satisfactory capacity retention of 84%
and a high Coulombic efficiency of 94% (Figure 3i).

2.4. Mechanism of Stability Enhancement

To further elucidate the ammonium ion storage mechanism for
the Mn-PBA@ppy, we conducted ex situ XRD analysis to inves-
tigate the structural changes during the initial galvanostatic dis-
charge/charge/discharge cycles. As a comparison, we first stud-
ied the phase evolution of the cubic Mn-PBA (Figure 4a–c). The
diffraction peak at 17.05°, representing the (200) planes of the
cubic phase of Mn-PBA, progressively becomes weakened from
the initial state of A to the 0.6 V discharged state of B and dis-
appears entirely at the fully discharged state of C (Figure 4b,c),
indicating an insertion/extraction mechanism for NH4

+ ion stor-
age. Simultaneously, a new diffraction peak emerges at 17.36° at
the fully discharged state of C, corresponding to the tetragonal
phase of Mn-PBA. Upon charging the battery from the −0.2 V
charged state of D to the 1.0 V charged state of G, the diffrac-
tion peaks of Mn-PBA transform entirely from the tetragonal
phase to a cubic phase. However, upon full discharge of Mn-PBA
to −0.2 V charged state of J in the second cycle, the diffraction
peaks indicate a mixture of tetragonal and cubic phases, indicat-
ing an irreversible phase transition for the cathode. In contrast,
the Mn-PBA@ppy show quite different phase evolutions during
the cycles (Figure 4d–f). The ex situ XRD patterns reveal that
the (200) diffraction peak shifts to higher 2𝜃 degrees from the
pristine state of A to the discharged −0.2 V state of C, and then
gradually returns to lower degrees during the charging process
to 1.0 V (Figure 4e,f). In the subsequent cycle, the phase tran-
sition from cubic to tetragonal structure cannot be observed in
our Mn-PBA@ppy sample, which returns to the cubic phase after
the initial charge is completed. This phenomenon has also been
observed in the previously work reported by other groups.[55]

The ppy coating can suppress the volume changes during the
charge/discharge process and effectively alleviate the internal
stress of the PBA lattice, which might be responsible for the
suppression of the phase change. Overall, the ex situ XRD char-
acterizations support a feasible energy storage mechanism of
ammonium-ion insertion/extraction within the Mn-PBA@ppy
framework, maintaining its overall structure without phase trans-
formation during the electrochemical charge/discharge process.

We then performed ex situ XPS characterizations to verify
the reversible electrochemical energy storage mechanism of am-
monium ion insertion/extraction within the 3D open skeleton
crystal structure of Mn-PBA@ppy (Figure 4g,h). Figure 4g dis-
plays the Mn 2p XPS spectra and the deconvolution results at
different discharged/charged states (marked in Figure 4d) of Mn-
PBA@ppy. In the discharge process from the pristine state of A
to the discharged −0.2 V state of C, the intensity of the Mn3+

peak at 642.5 eV decreases, while the intensity of the Mn2+ peak
at 641.1 eV increases, indicating the reduction of Mn3+ to Mn2+

due to the insertion of ammonium ions into Mn-PBA@ppy.[56]

Conversely, in the charge process from the charged −0.2 V state
of C to the charged 1.0 V state of E, the intensity of the Mn3+ peak
increases, accompanied by the weakening of the Mn2+ peak. The
characteristic binding energies (EB) of 397.7 and 400.0 eV cor-
respond to the metal-N and pyrrolic N of the [Fe(CN)6]3− com-
plex, respectively.[57] Then, a new peak of ─N─H─ at 401.8 eV
emerges in the discharged state of B and intensifies from the dis-
charged state of B to the fully discharged state of C, indicating the
NH4

+ ions are inserted into the Mn-PBA@ppy host during the

Adv. Energy Mater. 2024, 2402863 © 2024 Wiley-VCH GmbH2402863 (6 of 11)
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Figure 4. GCD curves of a) Mn-PBA and d) Mn-PBA@ppy cathodes to marked out the traced states. Ex situ XRD patterns of b,c) Mn-PBA and e,f)
Mn-PBA@ppy. Ex situ XPS spectra for g) Mn 2p, h) N 1s orbitals, and i) ex situ FTIR spectra of the Mn-PBA@ppy cathode sampled at different charge–
discharge states from A to F. k) A schematic illustration of the ammonium-ion storage mechanism in the Mn-PBA@ppy host.

Adv. Energy Mater. 2024, 2402863 © 2024 Wiley-VCH GmbH2402863 (7 of 11)

 16146840, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202402863 by Southeast U
niversity, W

iley O
nline L

ibrary on [18/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

discharge process.[58] Subsequently, this ─N─H─ peak intensity
weakens from the fully discharged state of C to the fully charged
state of E and becomes strengthened from the fully charged state
of E to the fully discharged state of F, suggesting the highly re-
versible ammoniation and de-ammoniation process for the Mn-
PBA@ppy host material (Figure 4h).

Ex situ FTIR spectra provide further evidence of hydro-
gen bond formation of the Mn-PBA@ppy cathode during the
ammoniation/de-ammoniation cycles (Figure 4i). The observed
peaks at 1410 and 3180 cm−1 are attributed to the vibration modes
of 𝛿(HNH) and 𝜈(NH), respectively, indicating the entry of NH4

+

into the Mn-PBA@ppy lattice.[59] Specifically, the intensities of
these peaks gradually increase from the pristine state of A to the
fully charged state of C, suggesting that the ammonium ions
are inserted into the cathode through hydrogen bonding with
the M─N (M = Fe and Mn). After that, they decrease from the
fully charged state of C to the charged 0.91 V state of D and
completely disappear at the charged 1.0 V state of E, indicat-
ing the de-ammoniation process is accompanied by the breaking
of hydrogen bonds. The presence of the N─H signal confirms
the successful insertion of NH4

+ ions into the lattice of the Mn-
PBA@ppy crystal, which aligns with the findings from the N 1s
XPS spectra shown in Figure 4h. The above mechanism investi-
gations indicate that NH4

+ insertion/extraction occurs reversibly
in the Mn-PBA@ppy host (Figure 4k).

It is widely recognized that manganese dissolution is the pri-
mary cause of capacity attenuation in manganese-based electrode
materials. Therefore, we first studied the change in the physi-
cal state of the electrolytes before and after cycling within the
Mn-PBA and Mn-PBA@ppy electrodes to assess the manganese
dissolution situation. To observe the changes in the electrolyte
more clearly, electrochemical tests were conducted using a three-
electrode system. The Mn-PBA and Mn-PBA@ppy served as the
working electrodes, while activated carbon (AC) and an Ag/AgCl
electrode functioned as the counter and reference electrodes, re-
spectively. Evidently, the electrolyte for Mn-PBA@ppy remains
colorless and transparent after 300 cycles (Figure 5a), indicating
the stability of the cathode material. Whereas, the electrolyte for
Mn-PBA undergoes a noticeable color change after only 100 cy-
cles, indicating the dissolution of a certain manganese species.
Following prolonged cycling, the electrolyte for Mn-PBA exhibits
a deepened yellow color, indicating the increased dissolution of
manganese element. To quantify the above observed results and
to establish the relationship between Mn dissolution and capac-
ity decline, the electrolytes after various cycles were collected and
the concentration of dissoluted manganese ions was measured
on an inductively coupled plasma optical emission spectrome-
ter. Similar to other manganese-based materials, Mn-PBA expe-
riences significant manganese dissolution, with a Mn concentra-
tion of 3.6 mg L−1 in the electrolyte after 300 cycles. This disso-
lution is believed to be responsible for the inferior electrochem-
ical performance of Mn-PBA. In sharp contrast, the manganese
dissolution issue in Mn-PBA@ppy is effectively suppressed, with
only 0.55 mg L−1 of Mn detected in the electrolyte after 300 cycles
(Figure 5b). This result demonstrates the excellent chemical sta-
bility for the Mn-PBA@ppy sample achieved through the interfa-
cial dense coating layers design. In order to investigate whether
phase transition reactions occur during long cycles, the phase
structure of the cathode after 5, 50, 100, 150, 200, 250, and 300

cycles is examined (Figure 5c,d). All obtained peaks can be clas-
sified to the characteristic peaks of cubic Mn-PBA@ppy and the
carbon paper substrates, indicating a robust structural stability
of the Mn-PBA@ppy nanocubes during the long-term cycling.
TEM observations of Mn-PBA@ppy after 100 and 300 cycles
were performed to assess the evolution of their cubic nanocrys-
tal morphologies during the cycling test (Figure 5e,f). The re-
sults reveal that the cubic-like morphology of Mn-PBA@ppy
is well maintained after 100 and 300 charge/discharge cycles,
whereas Mn-PBA undergoes severe morphological disruption
(Figure S13, Supporting Information). Furthermore, the TEM
coupled EDS mapping results after 100 and 300 charge/discharge
cycles show a homogeneous distribution of Mn, Fe, C, and N ele-
ments within the nano-cubic morphology for the Mn-PBA@ppy
sample (Figure 5g,h), confirming the uniform and stable elemen-
tal distribution in the nanocubes after 100 and 300 cycles.

3. Conclusion

In conclusion, we have proposed and optimized an interfacial
binding engineering design on Mn-PBA cathode through an in
situ polymerization encapsulation strategy. Within the theoretical
and experimental screening, we verify that Mn-PBA coated with
conductive conjugated polymer of ppy show a stronger adsorp-
tion capacity for ammonium ions and a higher energy barrier for
the removal of manganese atoms over other investigated sam-
ples. Benefiting from these characteristic advantages, the pre-
pared Mn-PBA@ppy demonstrates significantly improved capac-
ity, redox kinetics, and cyclic stability, surpassing those of pre-
viously reported ammonium ion battery cathode materials. This
methodology ensures an even distribution of the polymer coating
layer on the Mn-PBA precursor, facilitating precise control over
the coating’s stoichiometry and the formation of a thin, uniform,
and tightly coating layer. Our insights into interface engineering
design hold the promise of facilitating rapid diffusion kinetics
and superior cyclic stability for ammonium ion storage. Further-
more, the reported strategy on dense coating layer is expected
be extended to other electrochemical fields, such as electrocataly-
sis, to enhance the structural stability and electron/ion transport
properties, thereby improving the electrochemical performance.

4. Experimental Section
Material Synthesis: Mn-PBA was synthesized via a coprecipitation

method followed by an aging process. Detailly, solution A was pre-
pared by dissolving 10 mmol of potassium hexacyanoferrate (III) into
100 mL of deionized water. Solution B was formed by adding 20 mmol
of MnCl2·4H2O into 100 mL of DI water. Then, solution A and solution
B were dropwisely added to 200 mL of deionized water under magnetic
stirring. After that, a brown sediment was collected centrifugally, washed
with deionized water and ethanol, and then dried in a vacuum oven under
60 °C for 24 h. To prepare the Mn-PBA@ppy sample, 0.20 g synthesized
Mn-PBA nano-cubes were dispersed in 30 mL of water, followed by adding
pyrrole monomer (100 μL) and stirring for 30 min to form a mixed so-
lution. Subsequently, 30 mL FeCl3 solution (11:9 mole ratio of FeCl3 to
pyrrole monomer) was added dropwisely into the mixed solution while
stirring continuously. The in situ oxidative polymerization reaction was
then initiated at room temperature and allowed to proceed for 24 h. After
then, black Mn-PBA@ppy composites were collected through centrifuga-
tion. They were washed several times with ethanol and deionized water
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Figure 5. a) Digital images of electrolytes before and after various cycles. b) ICP results of Mn dissolution after different charge/discharge cycles. c,d)
XRD patterns of Mn-PBA and Mn-PBA@ppy cathodes after 5, 50, 100, 150, 200, 250, and 300 charge/discharge cycles. e,f) HRTEM images and g,h)
EDS mapping results of the Mn-PBA@ppy cathode after 100 and 300 cycles.

and then dried at 60 °C for 24 h. Mn-PBA@PANI and Mn-PBA@PEDOT
samples were synthesized following the similar process.[46,47]

Material Characterization: The crystal structures were studied by XRD
(Rigaku Ultima IV diffractometer with Cu K𝛼 radiation (𝜆 = 1.5406 Å)).
The morphology and structure of samples were characterized using a
TEM (FEI Talos F200X). SAED and EDS (EDS mapping) tests were car-
ried out accompanied with the TEM experiments. The elemental compo-
sitions and chemical states of samples were analyzed by XPS (Thermo
Scientific Escalab 250Xi). The chemical bonding of the samples was
revealed by an FTIR (Brucker TENSOR II). Inductive coupled plasma
(ICP) emission spectrometer experiments were conducted on Agilent
5100 to measure the metal element concentrations. A water-based an-
gle contact experiment (JY-82) was developed based on the pressed
powder.

Electrochemical Measurement: The Mn-PBA and Mn-
PBA@conductive polymer cathodes for aqueous ammonium ions
batteries were prepared by mixing Mn-PBA or Mn-PBA@conductive
polymers, acetylene black, and polyvinylidene fluoride (PVDF) in a mass
ratio of 7:2:1, with the addition of 1-methyl-2-pyrrolidinone, followed by
coating onto a carbon paper and drying under vacuum at 80 °C for 12 h.
Activated carbon films were utilized as the anodes, which were prepared
by mixing the activated carbon, acetylene black and PVDF in a mass ratio
of 7:2:1. Then, the slurry was coated onto a carbon paper and dried under
vacuum at 80 °C for 12 h. The resulting slurry-coated carbon paper was
cut into Φ10 mm electrodes, and a 2.0 m NH4Otf electrolyte solution
was prepared. Within the prepared electrodes, separator, electrolyte,
counter electrode, Swagelok cells were assembled in a three-electrode
configuration for electrochemical performance of ammonium ion battery.

Adv. Energy Mater. 2024, 2402863 © 2024 Wiley-VCH GmbH2402863 (9 of 11)
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The CV and EIS tests were conducted on an electrochemical workstation
(CHI660E). The GCD, GITT, and long-term cycling tests were carried out
on a LAND battery test system (CT3001A).

Computational Details: DFT calculations were performed using the
projector augmented plane-wave method within the Vienna Ab initio sim-
ulation package. The generalized gradient approximation was used in the
scheme of Perdew–Burke–Ernzerhof to describe the exchange-correlation
function. The cut-off energy for plane wave was set to be 480 eV. The en-
ergy criterion was set to be 10−4 eV in iterative solution of the Kohn–Sham
equation. All the structures were relaxed until the residual forces on the
atoms have declined to less than 0.05 eV Å−1. To prevent interaction be-
tween periodic units in the vertical direction, a vacuum space of 20 Å was
employed. A Monkhorst–Pack scheme with a k-points mesh of 1 × 2 × 1
was used. The diffusion barrier of adsorbed hydrogen at different adsorp-
tion sites were explored by using the nudge elastic band (CI-NEB) method.

Calculation Methods: The calculation method for the capacity contri-
bution was based on the following equation:

Ip = C1v + C2v
1
2 (1)

where Ip (A g−1) is the peak current density at different scan rate, v (mV
s−1) is the specific scan rate, and C1 and C2 are the corresponding constant
factors of the capacity contribution of surface pseudocapacitive effect and
battery-type effect, respectively.

With a deformation of the above equation, the specific contribution rate
of different internal mechanisms can be solved according to the following
equation:

Ip

v
1
2

= C1v
1
2 + C2 (2)

The diffusion coefficient (DNH4
+) of ammonium ions can be experi-

mentally calculated by a GITT method in terms of the following equation:

D = 4
𝜋𝜏

L2
(ΔEs

ΔEt

)2

(3)

where D is the diffusion coefficient of ammonium ions, 𝜏 is the relaxation
time of the current pulse, L is the diffusion length which is approximate to
the thickness of coated slurry, and ΔEs and ΔEt are the voltage changes
produced by the current pulse and the galvanostatic charge/discharge,
respectively.
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