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A B S T R A C T   

We report two-dimensional AgInP2Se6 (AIPSe) bimetallic phosphorus trichalcogenides nanosheets as anodes for 
advanced alkali metal ion batteries (AMIBs). The intrinsic layered architecture of this compound not only fa
cilitates rapid charge propagation but also accentuates ion storage due to its expansive surface area. The inte
gration of the bimetallic component results in a synergistic enhancement in electronic/ionic conductivity and 
optimizes the redox dynamics of multi-electronic materials, eventually attaining superior electrochemical 
characteristics. Moreover, the accompanying deposition of metallic silver during electrochemical processes re
duces battery polarization, while the presence of metallic indium acts as an efficacious structural stabilizer, 
effectively inhibit dendrite proliferation. As an anode electrode coupled with graphite (G) in lithium-ion (LIBs) 
and potassium-ion batteries (PIBs), AIPSe@G anodes for LIBs achieve 707.8 mA h g− 1 at 0.1 A g− 1, retain over 
900 cycles at 2.0 A g− 1, and demonstrate 318.5 mA h g− 1 at 3.0 A g− 1 rate capability. For PIBs, they reach 480.3 
mA h g− 1 at 25.0 mA g− 1, sustains for 550 cycles at 250 mAg− 1, and offers 214.2 mA h g− 1 at 3.0 A g− 1 rate 
performance. Comprehensive full cell tests further endure 100 cycles in both LIBs and PIBs under diverse current 
regimes. Our study pioneers a new direction for AMIB anode materials, emphasizing the advantages of inte
grating bimetallic features into two-dimensional frameworks to boost electrode dynamics and achieve consistent 
conversion reactions.   

1. Introduction 

Given their high energy density, long cycle life, minimal environ
mental impact, and easy maintenance, alkali metal ion batteries 
(AMIB)—such as lithium-ion (LIBs), sodium-ion (SIBs), and potassium- 
ion (PIBs)—are essential for energy storage [1–5]. They’re suited for a 
variety of uses, from handheld electronics to electric vehicles [6–10]. 
AMIB anode materials are classified by their reaction behavior into 
intercalation compounds [11], carbonaceous materials [12,13], alloy 
materials [14–16], and conversion materials [17,18]. Conversion-type 
anodes for AMIB electrodes offer higher specific capacity than 
commonly used carbon-based materials (only ~370 mA h g− 1 for Li, 
~279 mA h g− 1 for K), making them promising for AMIBs [19,20]. 
Conversion electrodes chemically form new compounds during charge 
storage, but suffer from low conductivity and significant volume 
expansion, with metal halide cathodes expanding 50–100 vol% and 
conversion anodes 150–450 vol%. To enhance stability and perfor
mance, current solutions include carbon composites, structural optimi
zation of active materials, better electrolytes, and doping for improved 

ion/electron transport [21,22]. 
Two-dimensional materials, atomically thin and bonded by covalent 

or ionic forces, layer via van der Waals interactions [23]. Their 2D na
ture enhances alkali ion diffusion, electron transfer, and ion intercala
tion while evenly distributing stress during ion insertion [17]. Stress 
management in 2D materials prevents electrode breakdown, enhancing 
electrochemical performance and AMIB’s long-term cycling [24]. Their 
large surface area ensures uniform charge distribution due to increased 
electrolyte contact, while exposed atomic sites boost ion adsorption and 
anode capacity [25]. This structure allows for shorter ion path distances, 
even stress distribution during ion insertion/extraction, prevention of 
electrode pulverization, and offers many active sites for ion storage due 
to its large surface area [26]. 2D materials like graphene [27–29], 
hexagonal boron nitride [30–35], transition metal dichalcogenides 
(TMDs) [36–43], and transition metal phosphorus trichalcogenide 
(MPTCs) [44–46] are studied extensively. Thinius et al. identified the 
key role of interlayer interactions, like van der Waals forces, in the 
stability of graphite and LiC6 [47]. Xie et al. created vertically aligned 
MoS2 nanosheets for rapid electron transport [48]. Zhou et al. report 
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VS2’s layered structure, which promotes alkali metal ion intercalation 
due to high adsorption energy and low diffusion barriers, showing its 
significant potential for electrochemical storage [49]. However, 2D 
materials faces challenges like significant volume changes between 
layers, causing irreversible capacitance decay [50]. Xie et al. discovered 
enhanced cycle performance in ReS2 alkali metal ion electrodes due to 
conversion reactions [51]. Contrary to this, the K0.8Ti1.73Li0.27O4@rGO 
presented by Hou et al., while exhibiting consistent cycle performance as 
a general-purpose anode, demonstrates a restricted reversible capacity 
[52]. Thus, developing 2D anodes with both high reversible capacity 
and long-lasting cycle performance is crucial. 

MPTCs offer potential as future energy storage materials due to Mott- 
Schottky heterointerfaces and swift electron/ion transfer [53]. These 
can be either monometallic (MIIPX3) or bimetallic (MI

0.5MIII
0.5PX3), where 

MII includes divalent cations like V, Mn, and others; MI covers mono
valent cations such as Ag or Cu; MIII encompasses trivalent cations like 
Cr, V, and more; and X represents S or Se [54]. Bimetals generally have 
better conductivity than single metals [55]. Introducing diverse divalent 
metals to MPTC can polarize bonds in the bimetallic system due to 
varying electronegativities, influencing charge transport [56]. Zhong 
et al. introduced a bimetallic thiophosphate alloy ZnxCo1− xPS3 and CoS2 
as a 2D/3D heterostructure for lithium storage. Their calculations 
indicated that zinc atoms likely replace Co atoms in CoPS3, altering the 
electronic structure and creating an asymmetric electric field. ZCPS-Y 
has a lower lithium intercalation energy than CoPS3, suggesting easier 
lithiation after zinc alloying. The wide planes inherent to Zn0.5Co0.5PS3 
furnish numerous anchoring points for CoS2, thereby elevating the 
electrochemical efficiency of its 2D/3D heterostructure [57]. However, 
the benefits of bimetallic MPTCs as AMIB anodes are yet to be defined in 
practical applications. 

In our study, we introduce 2D bimetallic MPTCs as anode materials 
for AMIBs. These 2D materials distribute ion-induced stress, preventing 
electrode damage. Incorporating bimetals, specifically silver and in
dium, elevates electrochemical performance by enhancing electron/ion 
conductivity and cycle stability. Silver within these compounds prevents 
nanosheet aggregation, enhancing the material’s structural stability and 
overall durability. Indium, with its electrochemical inertness, serves as a 
buffer against volume expansion in redox reactions. When paired with 
graphite structures that provide both shielding and mechanical support, 
the performance of the 2D materials is significantly improved. In the 
electrochemical test, the LIBs with AIPSe@G as the anode electrode has 
a cycle stability of 900 cycles and a capacity decay of 0.021 % per cycle 
(with a maximum capacity of 579.9 mA h g− 1 at 2.0 A g− 1). The PIB’s 
cycle stability reaches 550 cycles, with a capacity decay of 0.085 % per 
cycle and a maximum capacity of 397.2 mA h g− 1 at 0.25 A g− 1. These 
findings reveal the potential of 2D bimetallic MPTC as a versatile anode 
material for AMIBs (Scheme 1). 

2. Results and discussion 

To elucidate the distinctions between InSe and AIPSe, density func
tional theory (DFT) calculations were conducted. As depicted in Fig. 1a 
and b, the electronic band structures of the respective materials are 
presented. While InSe exhibits electrical conductivity, AIPSe appears as 
an indirect bandgap semiconductor, characterized by a constricted 
bandgap of 0.289 eV. We also examined the total density of states 
(TDOS) for InSe and AIPSe (Fig. 1c, d). InSe shows continuous states 
near the Fermi level (Fig. 1c inset), confirming its conductivity. In 
contrast, AIPSe displays a discontinuity near the level (Fig. 1d inset), 
corresponding to the electronic band structure in Fig. 1b. The PDOS in 
Fig. 1d reveals that states near the valence band maximum (VBM) pri
marily originate from the p-orbital of Se atoms and d-orbitals of Ag 
atoms, whereas states near the conduction band minimum (CBM) come 
from the p-orbitals of Se atoms. Liao et al. noted that a broader surface d- 
band can elevate states’ energies, resulting in stronger adsorption 
bonding and suppressing the chalcogenide shuttle effect common in 
negative electrodes [58]. Through Bader analysis (Fig. 1e, f), we found 
that in the InSe unit cell, the In atom lost 0.57 electrons while the Se 
atom gained the same amount. In the AIPSe unit cell, P, Ag, and In atoms 
lost 0.40, 0.28, and 0.95 electrons respectively, with Se atoms gaining 
0.34 electrons. All electrons shed by P, Ag, and In were transferred to Se 
atoms. The simulation conducted by Zhang et al. indicates electron 
accumulation around Se atoms and depletion around Ag and In atoms, a 
finding consistent with our Bader charge transfer analysis [59]. Fig. 1g 
and h displays the 3D charge density difference diagrams for InSe and 
AIPSe. These diagrams, where yellow indicates electron accumulation 
and blue denotes depletion, reveal that AIPSe has superior electron 
transport compared to InSe. Compared to InSe, adding Ag to AIPSe leads 
to greater charge transfer in In (red box), as confirmed by Bader analysis. 
Additionally, AIPSe concentrates more charges on Se near atoms (purple 
box) than InSe does. Simulation results indicate AIPSe has superior 
charge transport ability to InSe. 

Pure elements Ag, In, P, and Se, combined in a 1:1:2:6 ratio, were 
sealed in a vacuum tube and heated at 750 ◦C for 24 h, producing the 
layered compound AIPSe. This compound, with a hexagonal P-31c space 
group (PDF 00–048-0819), has lattice parameters a = b = 6.483 Å, c =
13.33 Å, angles α = β = 90◦, γ = 120◦, and a unit cell volume of 485.19 
Å3. AIPSe’s layers are bonded by van der Waals forces and its compo
sition verified by ICP-OES, SEM-EDS and TEM-EDS results. (Figs. S1–3 
and Table S1) An AIPSe@G composite was produced by ball milling 
AIPSe at 200 rpm for 24 h, exfoliating it into atomically thin, crystalline 
nanosheets by overcoming van der Waals forces. Adding graphite to 
AIPSe layers formed a composite addressing AIPSe’s volumetric 
changes, potentially boosting synergy and enhancing alkali metal ion 
storage performance. Fig. 2(a) and (b) shows atomic force microscopy 
(AFM) measurements that illustrate a uniform distribution of flake-like 
AIPSe on the substrate. A single flake has an approximate thickness of 
12 nm. As depicted in Fig. 2(c) and (f), Scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) analyses show 
AIPSe’s flake-like morphology with lateral dimensions nearing 500 nm. 
The single-crystal structure of AIPSe is confirmed by SAED in Fig. 2d. 
HRTEM shows a lattice fringe spacing of 0.286 nm, matching AIPSe’s (1 
0 4) plane, as seen in Fig. 2e. STEM-EDS mapping in Fig. 2g illustrates a 
consistent elemental distribution in AIPSe, while TGA estimates the 
carbon content of the AIPSe@G composite at approximately 22 %. 
(Supporting information Fig. S4). 

Fig. 3a shows the XRD patterns for AIPSe, AIPSe@G, and InSe. 
Diffraction peaks at 13.27◦, 38.7◦, 48.6◦, and 58.55◦ correspond to the 
(0 0 2), (1 1 4), (3 0 0), and (2 2 2) planes. Both AIPSe and AIPSe@G 
peaks match well with AgInP2Se6 (PDF 00-048-0819), indicating the 
product’s high purity. Similarly, the diffraction peaks of InSe are in line 
with the InSe phase (PDF 04-003-2450), appearing at 10.6◦, 21.3◦, and 
45.2◦, which correspond to the (0 0 3), (0 0 6), and (1 1 0) planes. These 
patterns suggest a rhombohedral structure with a space group of R-3 m. 

Scheme 1. A two-dimensional AIPSe bimetallic nanosheet. Silver interacts 
closely with intermediates, stabilizing the metal chalcogenide structure, while 
indium provides electrochemical stability, buffering volume expansion in redox 
reactions and reducing dendrite formation. 
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The determined lattice parameters are a = b = 4.005 Å, c = 24.96 Å, 
with α = β = 90◦, γ = 120◦, and a unit cell volume of 346.65 Å3. As 
shown in Fig. 2b, the Raman spectra of AIPSe and AIPSe@G reveal the 
presence of carbonaceous components, with peaks at 1340 cm− 1 (D 
band) and 1580 cm− 1 (G band). These bands provide insights into the 
disordered and graphite carbon in the structure, exhibiting an intensity 
ratio (ID/IG) of 0.74. Such peaks indicate the quantity of structural de
fects and the level of graphitization, with an increase in defects poten
tially enhancing the adsorption and insertion capabilities of K+ [24]. 
The surface chemical composition and electron state of AIPSe were 
analyzed using X-ray photoelectron spectroscopy (XPS), as shown in 
Fig. 2c to e. Specifically, the Ag 3d spectrum can be deconvoluted into 
two peaks located at 368.4 eV and 374.4 eV, corresponding to Ag 3d5/2 
and Ag 3d3/2 bands, respectively [60]. Peaks at 445.1 eV and 452.8 eV in 
the high-resolution In 3d spectrum are assignable to In 3d5/2 and In 3d3/ 

2. The P 2p spectrum shows peaks at 132 eV and 133.2 eV that corre
spond to P 2p3/2 and P 2p1/2. A notable peak at a higher binding energy 
(134.5 eV) is attributable to POx, stemming from surface oxidation [24]. 
The peak at 138.1 eV can be attributed to the Se LMM peak [61–63]. 
Finally, the high-resolution Se 3d spectrum exhibits peaks at 55.4 and 
56.5 eV, matching Se 3d5/2 and Se 3d3/2, respectively. An additional 
peak at 139 eV is likely due to the overlap of the Se Kα line and P 2p core 
levels [17]. 

In evaluating the electrochemical capabilities of the AIPSe@G elec
trode for lithium-ion storage, Fig. 4a presents the initial five CV cycles 
(0.01–3.0 V at 0.2 mV/s). The initial cycle shows a cathode peak around 
1.51 V, indicating the electrolyte decomposition and the SEI film [64]. 
Later cycles present two additional peaks, indicating lithium-ion inser
tion into AIPSe, forming Ag, InLi, Li3P, and Li2Se. The subsequent anode 
process peak implies the delithiation of InLi, Li3P, and Li2Se, yielding 
InSe, Se, and amorphous P. Peak overlaps from the second CV cycle 
suggest strong reversible electrochemical performance. Fig. 4b displays 
the initial three GCD cycles at a current density of 200 mA g− 1 with an 
initial charge/discharge capacity of 815/682.3 mA h g− 1 and a 
Coulombic efficiency of 83.7 %. The irreversible capacity is attributed to 
the formation of SEI film and other irreversible reactions. Fig. 4c shows 
the rate performance of AIPSe@G electrode specific capacities from 
577.8 to 318.5 mA h g− 1 over current densities of 0.025 to 3.0 A g− 1. 
Notably, capacity nearly returns to initial level after reducing current 
density, pointing out high electrode reversibility at increased rates. 
Fig. 4d and e compares the cycling and long-cycling performances of 
AIPSe@G and InSe@G electrodes, with AIPSe@G outperforming 

InSe@G in cycling performance. Motivated by the impressive long-cycle 
performance of AIPSe@G in lithium-ion half cells, we extended our 
investigation to assess its potential as an anode in potassium-ion half 
cells. Fig. 4f exhibits the first five CV cycles of the AIPSe@G electrode for 
PIBs, differing from Fig. 4a. The reason is the conversion reaction of 
AIPSe form the different intermediate products after Li+ and K+ inter
calation/extraction. In this case, the first cycle shows a cathodic peak at 
roughly 0.86 V due to the electrolyte decomposition and the formation 
of SEI film [64], and another at 0.43 V for Ag, In, K4P3, and K2Se for
mation. The anodic process exhibits a peak at 1.97 V, corresponding to 
the depotassiation of Ag, In, K4P3, and K2Se to form AIPSe. Fig. 4g 
presents the initial three GCD cycles at 25 mA g− 1 current density, with 
the first charge/discharge capacity found at 673.6/436.5 mA h g− 1. The 
lower initial Coulombic efficiency of 64.8 %, compared to LIBs, could be 
attributed to the smaller ionic radius of Li+ allowing for a higher 
quantity of ions. Fig. 4h presents the rate performance of the AIPSe@G 
electrode in PIBs, with specific capacities ranging from 455.3 to 214.2 
mA h g− 1 across 0.025 to 3.0 A g− 1 current densities, again illustrating 
the impact of the alkali metal’s ionic radius on capacity. Fig. 4i sum
maries the cycling performance, revealing a discharge capacity of 411.4 
mA h g− 1 after 40 cycles. Even after 550 cycles at 0.25 A g− 1, the AIP
Se@G electrode retains a high reversible capacity of 210.6 mA h g− 1. 

The differences in electrochemical performance have limited the use 
of the AIPSe electrode in all types of AMIBs. The underlying factors 
contributing to these performance differences between LIBs and PIBs, 
despite both employing the same type of electrode, have been the sub
ject of extensive investigation. It’s widely understood that the larger 
radius of the K+ leading to slower diffusion kinetics contributes to the 
poorer performance of PIBs [24]. Additionally, this reason also may be 
the different intermediate products after intercalation/deintercalation 
of Li+ and K+. Among them, P reacts with Li+ and K+ to form Li3P and 
K4P3, respectively. The volume expansion of K4P3 (411.78 %) is signif
icantly higher than that of Li3P (277 %) [65,66]. Large volume expan
sion leads to sluggish reaction kinetics and poor electrochemical 
reversibility. To investigate the reasons behind the varied performance 
of AIPSe electrodes, we performed a kinetics analysis. This involved 
conducting a rate-dependent cyclic voltammetry (CV) scan for Li+ and 
K+ on the AIPSe electrode at different scan rates from 0.1 to 1.0 mV/s 
(Fig. 5a, g), under a temperature of 25 ◦C. We employed the power law 
eq. I = avb for a deeper insight into the AIPSe charge storage mechanism, 
where ‘I’ stands for the current, ‘v’ for the scan rate, and ‘a’ and ‘b’ are 
adjustable constants. The ‘b’ value in the power equation signifies the 

Fig. 1. Band structure of (a) InSe, (b) AIPSe. Calculated DOS of (c) InSe, (d) AIPSe. Bader charge of the atoms at the active sites of (e) InSe, (f) AIPSe. Calculated 3D 
charge density difference (CDD) of (g) InSe, (h) AIPSe. 
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prevailing charge storage mechanism, with a value near 0.5 indicating a 
diffusion-controlled mechanism, and a value close to 1.0 signifying 
surface-controlled storage [67]. As Fig. 5b and h shows, the ‘b’ value for 
the AIPSe@G electrode is approximately 1.0 for LIBs and around 0.8 for 
PIBs. These findings suggest that surface capacitive behavior is domi
nant in LIBs, whereas in PIBs, both capacitive and diffusion behaviors 
play a part in the electrochemical process Fig. 5c and i reveal that the 

AIPSe@G electrode contributes 87 % and 61 % pseudocapacitive effects 
for LIBs and PIBs, respectively, at a scan rate of 0.7 mV/s. As scan rates 
increase (referenced in Fig. 5d and j), the capacitance of PIBs maintains 
a diminished level. This implies the superior electrochemical kinetics of 
the AIPSe@G electrode in LIBs and shows the implications of the 
enlarged K+ radius on the sluggish kinetics of PIBs. Intermittent Titra
tion Technique (GITT) was used to evaluate the diffusion coefficients of 

Fig. 2. (a) Schematic illustration of synthesis process of AIPSe, (b) SEM image of AIPSe, (c–d) AFM images of AIPSe, (e) TEM image of AIPSe, (f) SAED pattern of 
AIPSe, (g) HRTEM of AIPSe. Insets present the single AIPSe flake, (h) EDS mapping images of AIPSe and corresponding elements of Ag, In, P and Se. 
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LIBs and PIBs in the AIPSe@G electrode, based on the following 
equation: 

DK+ =
4
πτ

(
mBVM

MBS

)2(ΔEs

ΔEt

)2 (

τ≪L2

D

)

where τ denotes the relaxation time; mB, MB, and VM respectively 
represent the mass, molar mass, and molar volume of the electrode 
material; S denotes the surface area of the electrode-electrolyte inter
face; ΔEs refers to the voltage change triggered by the pulse current; ΔEt 
signifies the voltage change during the constant current pulse [68]. 
Additionally, GITT curves were derived from AIPSe@G electrode during 
a 20-min charge/discharge at 50 mA g− 1, followed by an hour break 
(Fig. 5e and k). In this process, the diffusion coefficients for Li+ and K+

were respectively 7 × 10− 11 and 1.3 × 10− 11 cm2 s− 1. Furthermore, in- 
situ EIS was executed (Figs. S5 and S6). 

To elucidate the crystallographic transformations in AIPSe during 
the LIBs charge/discharge cycle, we developed an in-situ XRD battery 
for real-time structural tracking, supplemented with ex-situ TEM anal
ysis. Figs. 6a and S7 display the initial in-situ XRD spectrum of AIPSe and 
the associated GCD curve [69,70]. With progressive Li+ insertion, AIP
Se’s peak intensity significantly reduces. When discharged to 1.48 V, the 
peaks at 36.2◦, 25.6◦, 39.7◦, and 42.5◦, corresponding to In (PDF 
00–005-0642), Li2Se (PDF 00-023-0072), Ag (PDF 01-087-0598), and 
Li3P (PDF 04-014-7866), respectively. At full discharge to 0.01 V, we 
observe the new peaks at 37.4◦, corresponding to InLi (PDF 01-073- 
6776). It indicates that there is alloy reaction between In and Li [71]. 
However, when charged from 0.01 V to 3 V, these peaks disappear, and 
three distinct peaks surface at 25.7◦, 29.8◦, and 39.7◦. These new peaks, 
corresponding to InSe (PDF 04-003-2450) and Se (PDF 01-086-2246), 
indicate that the first charge/discharge cycle’s reactions are irrevers
ible. Following the full discharge to 0.01 V (Fig. 6b), the ex-situ HRTEM 
image of the AIPSe electrode reveals four lattice spacings — 0.200, 
0.222, 0.207, and 0.212 nm. The spacings correspond to the (3 1 1), (1 
0 2), (1 0 3), and (2 2 0) planes of InLi, Ag, Li3P, and Li2Se respectively, 
as confirmed by the SAED pattern (Fig. 6c). Upon full charge (3.0 V), the 

irreversible reaction is confirmed by ex-situ HRTEM and SAED images of 
the AIPSe electrode (Fig. 6d and e). Fig. 6d displays the AIPSe elec
trode’s ex-situ HRTEM image at 3.0 V, revealing lattice spacings of 
0.200, 0.343, and 0.207 nm for planes (1 0 3), (1 0 1), and (0 1 2). SAED 
patterns further identify Ag, InSe, and Se (Fig. 6e). The TEM image at 
0.01 V is seen in Fig. 6f, with HRTEM in 6 g mirroring 6b. Fig. 6h, at 3.0 
V, presents spacings of 0.224, 0.202, and 0.215 nm for Ag, InSe, and Se 
on planes (1 0 2), (1 0 10), and (4 1 0) respectively. In an attempt to 
further probe potential intermediate phases and the intercalation/ 
deintercalation process, we conducted Density Functional Theory (DFT) 
calculations. 

Intercalation-based materials typically exhibit a stable charge- 
discharge voltage plateau, reflective of the lithiation/delithiation dy
namics inherent to battery systems [72]. Upon detailed scrutiny via ex- 
situ XRD and HRTEM analyses, it is evident that InSe primarily un
dergoes a reaction with lithium ions, yielding a compound denoted as 
LixInSe, where 0 < x < 1. This structural framework facilitates subse
quent lithiation and delithiation events. As delineated in Fig. 6i, our 
computed voltage for LixInSe within the aforementioned range registers 
at 2.12 V. This value closely aligns with the cathodic peak observed at 
2.05 V, as presented in Fig. 4a. In Fig. 6j, we present the migration en
ergy barriers for both InSe and Ag/InSe. A notable distinction is 
observed: the diffusion energy barrier for Ag/InSe is significantly lower 
than that of pure InSe. This suggests that the incorporation of metallic 
silver enhances the diffusivity of lithium ions, effectively reducing their 
migration energy barrier [60]. As the in-situ XRD, HRTEM, and SAED do 
not detect any P element, we hypothesize the formation of amorphous P 
post lithium removal [24]. The TEM-EDS mapping (Figs. S8 and 9) in
dicates a uniform distribution of Ag, In, P, and Se. Therefore, the con
version mechanism of AIPSe in LIBs can be summarized as follows: 

Discharge process: 

AgInP2Se6 + 18Li+ + 18e− →2Li3P+ 6Li2Se+ In+Ag   

Fig. 3. (a) XRD patterns of bulk AIPSe, AIPSe@G, and InSe. (b) Raman spectra of bulk AIPSe and AIPSe@G. (c–f) High-resolution Ag 3d, In 3d, P 2p, and Se 3d XPS 
spectra of bulk AIPSe. 
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Charging process:  

The AIPSe@G electrode surpasses the InSe@G largely due to Ag’s 
close interaction with intermediates during cycling. This interaction 
stabilizes the metal chalcogenide structure. During delithiation, a bond 
blocks polyselenides’ shuttle effect, improving lithium-ion performance 

and reaction speed while extending battery life. Li+ doesn’t bond with 
Ag, reducing volume changes. This boosts Li+ adsorption, yielding su

perior capacity and performance. Through DFT calculations, Ho et al. 
determined that Ag augments the ionic kinetics of metal chalcogenides 
[60]. CV curves further support this, showing an 88.3 % capacitive 
contribution at a 1.0 mV/s scan rate — an indication of 

Fig. 4. (a) Voltammetric scans for AIPSe@G in LIBs at 0.2 mV/s sweep rate, and (b) Constant-current discharge-charge plots at a 200 mA g− 1 current density. (c) 
Varied current density performance spanning from 0.025 A/g to 3.0 A/g, and cycling durability at (d) 200 mA g− 1 and (e) 2000 mA g− 1 for AIPSe@G, as well as 
InSe@G in LIBs. (f) Voltammetric curves in PIBs for AIPSe@G, acquired at a scan rate of 0.2 mV/s, and (g) Fixed-current discharge-charge plots at 25 mA g− 1. (h) 
Rate capabilities across a spectrum of current densities from 0.025 A/g up to 3.0 A/g, and long-term stability data at (i) 25 mA g− 1 and (j) 250 mA g− 1 for AIPSe@G 
in PIBs. 

2Li3P+ 6Li2Se+ In+Ag→Ag+ InSe+ 5Se+ 6P(amorphous)+ 18Li+ + 18e−
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pseudocapacitive control. Such efficiency stems from Ag’s role in 
enhancing electron/ion migration. Furthermore, InSe, a 2D layered 
metal chalcogenide, exhibits high electron mobility and thermal sta
bility, as noted by Zhang et al. Its design offers efficient Li+ channels, 
facilitating straightforward movement that cuts down on the diffusion 
path and accelerates the Li+ diffusion rate [73]. 

The CV curves from the AIPSe@G electrode in LIBs and PIBs show 
unique Li+ and K+ storage reactions. Ex-situ XRD analysis at different 

voltages reveals the crystal structure of the reaction products. Fig. 7a 
indicates that the AIPSe phase persists when the electrode discharges 
from OCV to 0.5 V, implying the initial potassium ion intercalation 
doesn’t trigger a full phase transition. Upon discharge to 0.01 V, new 
peaks appear at 31◦, 32.8◦, 38.9◦, 40.3◦, matching K4P3 (PDF 04-007- 
1643), K2Se (PDF 00-023-0470), In (PDF 00-005-0642), and Ag (PDF 
01-087-0598). When charged to 0.5 V, peaks associated with the AIPSe 
phase return. At full charge (3.0 V), K4P3, Ag and In peaks vanish when 

Fig. 5. (a–d) Voltammetric responses for AIPSe@G in LIBs at varying scan speeds from 0.1 to 1.0 mV/s, logarithmic current vs. voltage graphs at particular peaks, 
capacitance role at a scan rate of 0.7 mV/s, and the proportional contribution of capacitive to diffusion-driven capacities. For AIPSe@G in PIBs, corresponding data is 
shown in (g-j). Analysis using GITT and the estimated ion diffusion coefficients are presented for LIBs in (e and f) and for PIBs in (k and l). 
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AIPSe peaks reappear, indicating a reversible reaction and stable 
structure, distinct from LIBs. Fig. 7b displays the energy barriers of 
candidate products. The barrier for AIPSe is 1.33 eV, lower than single 
metal selenides’ 2.26 eV. This indicates bimetallic phosphorus trichal
cogenides are more thermodynamically advantageous and also confirms 
AIPSe remains stable after its first charge-discharge cycle, suggesting the 
reaction is reversible [74]. To validate the ex-situ XRD findings, Fig. 7c–f 
displays ex-situ HRTEM and SAED images of the AIPSe electrode at 0.01 
V discharge and 3.0 V charge, confirming the K+ storage mechanism. 
When discharged to 0.01 V, lattice fringes with spacings of 0.168 nm, 
0.224 nm, 0.310 nm, and 0.192 nm are observed, corresponding to the 
(1 1 2), (1 0 2), (0 2 4), and (4 0 0) planes of Ag, In, K4P3, and K2Se, 
respectively. (Fig. 7c). The SAED pattern in Fig. 7d shows diffraction 
rings tied to specific Ag, In, K2Se, and K4P3 planes. After charging to 3 V, 
AIPSe’s lattice fringes, as seen in Fig. 7e, correlate with the (3 0 0) plane 
and the diffraction rings with AIPSe’s (1 1 2) and (2 0 5) planes (Fig. 7f). 
Fig. 7g shows the HRTEM image discharged to 0.01 V, revealing lattice 
fringes with spacings of 0.250 nm, 0.247 nm, 0.167 nm, and 0.272 nm, 
matching the (0 0 4), (0 0 2), (2 4 4), and (2 2 0) planes respectively. 

Fig. 7h detects AIPSe’s lattice fringe with a 0.324 nm spacing corre
sponding to the (1 1 0) plane. Fig. 7i, charged to 3.0 V, exhibits a sheet- 
like structure. These observations are consistent with ex-situ XRD re
sults, clarifying the reversible conversion mechanism of the AIPSe@G in 
PIBs as: 

3AgInP2Se6 + 44K+ + 44e− ↔ 2K4P3 + 18K2Se+ 3In+ 3Ag 

The reaction transfers 44 electrons. TEM-EDS images display even 
distribution of Ag, In, P, and Se (Figs. S10 and 11). Silver precipitation 
during AIPSe@G electrode charge-discharge highlights active sites, 
boosting charge transfer, multi-electron reactions, and the composite’s 
electrochemical performance, leading to better cycle stability and less 
polarization [75]. Within the layered structure, silver strengthens the 
material, preventing nanosheet aggregation, while the presence of metal 
indium boosts electron transport due to its conductive properties. In
dium also plays a dual role: its electrochemical stability serves as a 
buffer during volume expansion in redox reactions, and it reinforces 
interface stability for the electrodes, ensuring long-term cycling [76]. 
Additionally, indium promotes uniform potassium deposition, curtailing 

Fig. 6. (a) In-situ XRD patterns captured during AIPSe’s inaugural lithiation and delithiation cycles. (b) HRTEM visuals of AIPSe post-discharge to a voltage level of 
0.01 V. (c) Electron diffraction patterns captured from AIPSe following its discharge to 0.01 V. (d) High-resolution TEM imagery of AIPSe after being charged up to 
3.0 V. (e) Post-charge SAED patterns of AIPSe at 3.0 V. (f) Standard TEM image of AIPSe after it was discharged down to 0.01 V. (g) More high-resolution TEM images 
of AIPSe following its discharge to 0.01 V. (h) High-resolution TEM views of AIPSe once it has been charged to 3.0 V. (i) Theoretical voltage stages for LixInSe phases 
in relation to varying ‘x’ values. (j) Comparative analysis of the energy obstacles encountered by Li ions during their diffusion in both Ag + InSe and InSe structures. 
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dendrite formation and stabilizing chalcogenides [77]. Overall, bime
tallic compound electrodes offer enhanced structure, more active sites, 
and better conductivity in potassium-ion storage, leading to improved 
cycle life and capacity. Notably, after charging back to 3.0 V, an 
elemental ratio analysis performed with TEM reveals that the pro
portions of Ag, In, P, and Se are approximately 1:1:2:6, aligning with the 
mechanism of reverting back to AIPSe upon charging to 3.0 V, thus 
providing further supporting evidence. 

Given the excellent cycling performance of AIPSe@G electrodes in 

lithium and potassium half-cells, we utilized AIPSe@G as an anode in a 
study aimed at assessing electrode material applicability and commer
cial potential [69,78,79]. We chose LiFePO4 and Prussian Blue (PB) as 
cathode materials [80,81]. We used a 1 M LiPF6 ECDECDMCFEC elec
trolyte in a lithium-ion full cell, maintaining an anode-to-cathode mass 
ratio of 1:5 for charge balance [82]. For potassium-ion cells, we syn
thesized Prussian Blue (PB) via coprecipitation (X-ray Diffraction pat
terns in Fig. S36) [83–86]. The potassium-ion cell used a 1 M KFSI DMC 
electrolyte with a 1:7 anode-to-cathode mass ratio. Fig. 8a shows a 

Fig. 7. (a) Ex-situ XRD scans as AIPSe undergoes its potassiation and depotassiation cycles. (b) Computational assessments of reaction energy for potential products 
during the first charge cycle. (c) HRTEM images of AIPSe once it has been discharged to a 0.01 V voltage level. (d) SAED pattern of AIPSe following its discharge to 
0.01 V. (e) HRTEM visuals of AIPSe post-charge to a voltage setting of 3.0 V. (f) SAED patterns of AIPSe subsequent to its charging to 3.0 V. (g) Further high- 
magnification TEM image of AIPSe after it is discharged to 0.01 V. (h) HRTEM shots of AIPSe once it has been energized to 3.0 V. (i) Standard TEM appearance 
of AIPSe following its charge to the 3.0 V mark. 
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schematic diagram illustrating the reaction of a LIB full cell, referred to 
as AIPSe@G//LiFePO4, with AIPSe serving as the negative electrode, 
LiFePO4 as the positive electrode. Fig. 8b shows the Galvanostatic 
Charge Discharge (GCD) curves of LiFePO4 and AIPSe@G half cells and a 
AIPSe@G//LiFePO4 full cell. Furthermore, the rate performance of 
AIPSe@G//LiFePO4 was tested at various current densities of 0.5, 1.0, 
2.0, 3.0, and 4.0 A g− 1, as shown in Fig. 8c. Fig. 8d reflects the long-term 

stability of the AIPSe@G//LiFePO4 full cell, retaining 67.3 % capacity 
after 100 cycles at a current density of 2000 mA h g− 1, with an average 
Coulombic efficiency (CE) of 98.4 %. Meanwhile, the AIPSe@G// 
LiFePO4 full cell also lighted up 59 red LED bulbs as shown in the inset of 
Fig. 8d. Fig. 8e shows a schematic diagram illustrating the reaction of a 
potassium-ion full cell, referred to as AIPSe@G//PB, with AIPSe serving 
as the negative electrode, PB as the positive electrode. Fig. 8f shows the 

Fig. 8. (a) Illustrated model detailing the internal structure of a full cell comprising AIPSe@G and LiFePO4 as active materials. (b) Voltage profiles during both 
discharge and charge cycles for individual LiFePO4 and AIPSe@G half-cells, as well as a combined AIPSe@G//LiFePO4 full cell. (c) Performance at different current 
rates observed for the AIPSe@G//LiFePO4 full cell assembly. (d) Prolonged cycle life data for the AIPSe@G//LiFePO4 lithium-ion full cell when operated at 2000 mA 
g− 1; a supplementary image within (d) showcases a lit LED bulb for illustrative purposes. (e) Conceptual blueprint of a full cell pairing AIPSe@G and PB. (f) Graphs 
depicting discharge and charge voltage variations for separate PB and AIPSe@G half-cells and a collective AIPSe@G//PB full cell. (g) Evaluation of the rate per
formance for the assembled AIPSe@G//PB full cell. (h) Extended cycling life analysis of the AIPSe@G//PB potassium-ion full cell at a current of 250 mA g− 1; an inset 
in (h) displays a lit LED bulb as a visual supplement. 

Y.-J. Liao et al.                                                                                                                                                                                                                                  



Journal of Energy Storage 76 (2024) 109737

11

GCD curves of PB and AIPSe@G half cells and a AIPSe@G//PB full cell. 
The rate performance of AIPSe@G//PB was tested at various current 
densities of 0.1, 0.2, 0.25, 0.5, and 0.75 A g− 1, as shown in Fig. 8g, with 
corresponding discharge capacities of 408.5, 335.4, 318.3, 278.6, and 
256.5 mA h g− 1 based on the anode’s mass. Fig. 8h represents the 
AIPSe@G//PB full cell’s long-term stability, holding an 87.8 % capacity 
retention rate after 100 cycles at a current density of 250 mA h g− 1 and 
an average CE of 97.1 %. Finally, the inset of Fig. 8h shows the AIP
Se@G//PB full cell can lighted up 53 red LED bulbs. 

3. Conclusion 

In summary, we’ve developed anode electrodes for AMIBs by 
merging bimetallic MPTCs with 2D materials. Its superior electro
chemical performance stems from the bimetallic synergy: silver miti
gates volume expansion in LIBs, and indium serves as a buffer in PIBs, 
enhancing interface stability. In the discharge process of Lithium-ion 
batteries (LIBs), silver precipitates without reacting with Li+. This 
behavior allows silver to act as a diluent, mitigating the extreme volu
metric expansion, minimizing material fragmentation, and preventing 
the detachment of the active material from the current collec
tor—factors that could otherwise contribute to a pronounced decrease in 
cycle life. In PIBs, the electrochemically inert component, indium (In), 
generated during discharge, serves to reinforce the structural stability of 
the material throughout the charging and discharging cycles. Moreover, 
simulation calculations reveal that the redox reactions of AIPSe are 
thermodynamically more favorable, emphasizing its probable profi
ciency as an anode in AMIBs. Using the bimetallization strategy, we’ve 
suppressed the problems associated dramatic volume expansion in 2D 
materials during charging and discharging, extending cycle life (LIBs: 
over 900 cycles, PIBs: over 550 cycles) and offer significant capacities 
(LIBs: 707.8 mA h g− 1 (100 mA g− 1), PIBs: 480.3 mA h g− 1 (25 mA g− 1)). 
Successfully pairing with widely-used positive electrodes to build a full 
AMIB demonstrates its practical potential, offering a fresh option for the 
AMIB anode material system. This research emphasizes the advantages 
of bimetallization in 2D materials, and as such, bimetallized 2D mate
rials emerge as strong candidates and offer valuable insights for the 
development of universal alkali metal ion anode materials. 

4. Experimental section 

4.1. Materials used 

Raw materials include silver particles (sourced from UniRegion Bio- 
Tech, 99 % purity), indium particles (obtained from Alfa Aesar, with a 
99.99 % purity), red phosphorus particulates (procured from Sigma- 
Aldrich, 97 % pure), and selenium particles (purchased from Alfa 
Aesar, 99.99 % pure). Additional chemicals like Sodium carboxymethyl 
cellulose, ethyl carbonate, diethyl carbonate, 1-Methyl-2-pyrrolidinone, 
and potassium metal were acquired from Sigma-Aldrich. KFSI was 
sourced from Combi-Blocks and DMC from NOVA material. Other re
agents like LiPF6, FEC, graphite, LiFePO4, Super-P, and CR2032 coin 
cells were bought from Shining Energy. Glass fibers and copper foils 
were sourced from Advantec and Chang-Chun group, respectively. All 
substances were used as received, without further purification. 

4.2. Material characterization 

Material characterization was achieved through Scanning Electron 
Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), Trans
mission Electron Microscopy (TEM), and X-ray Diffraction (XRD). SEM 
imaging was performed at an accelerating voltage of 10 kV and a 
working distance of 8 mm. TEM samples were readied by ethanol 
dispersion and deposited on copper and gold grids, followed by argon- 
atmosphere drying. XRD utilized Cu Kα radiation for analysis, and 
Raman spectra were obtained using a 532 nm excitation source. 

4.3. Synthesis of AIPSe 

Silver, indium, red phosphorus, and selenium particles, in a molar 
ratio of 1:1:2:6, were vacuum-sealed in a quartz tube. This tube was then 
subjected to a thermal treatment at 750 ◦C for one day. After cooling 
down to room temperature, the tube was carefully cut open, and samples 
were collected. 

4.4. Synthesis of InSe 

Indium and selenium powders, in a 1:1 M ratio, were sealed in a 
vacuum quartz tube. The tube was heated at 550 ◦C for 24 h. Once 
cooled, the tube was broken to retrieve the samples. 

4.5. Synthesis of AIPSe@G 

These composites were created using high-energy mechanical mill
ing. AIPSe and InSe were mixed with graphite at a ratio of 3:1. The 
mixture was then ball milled for one full day. 

4.6. Synthesis of Prussian blue (PB) 

To produce Prussian Blue, two distinct solutions were prepared [87]. 
Solution A contained 5 millimoles of FeCl2⋅4H2O (sourced from Sigma 
Aldrich, 98 % pure) diluted in 50 mL of deionized water. Solution B was 
formulated by dissolving 5 millimoles of K4Fe(CN)6⋅3H2O (from Sigma 
Aldrich, 99.5 % purity), 10 millimoles of potassium citrate, 200 milli
moles of KCl (obtained from PubChem, 99 % pure), and 3 millimoles of 
ascorbic acid (from Sigma Aldrich, with purity exceeding 99 %) in 100 
mL of deionized water. Carefully, Solution A was gradually mixed into 
Solution B. The resulting deep blue precipitate was separated by means 
of centrifugation, washed in triplicate with deionized water, and finally 
subjected to vacuum drying at a temperature of 100 ◦C for a duration of 
16 h. 

4.7. Electrochemical measurement 

For the construction of the anode electrode, a uniform slurry was 
created by blending the active material AIPSe@G at a 3:1 ratio, Super P, 
and NaCMC in proportions of 7:2:1 using distilled water. This mixture 
was then spread onto copper foil with a doctor blade and subsequently 
air-dried at 80 ◦C in an environment of argon gas. The weight of the 
applied anode material approximated 0.8 to 1.0 mg per square centi
meter. A Sartorius SE2 microbalance, accurate to 0.1 micrograms, was 
employed to gauge the mass of the electrode. Cyclic voltammetry data 
were gathered with a VMP3 multi-channel electrochemical analyzer 
from Bio-Logic Science Instruments. Assembling the coin-shaped half- 
cell, designated as CR2032, took place within an argon-saturated glo
vebox, utilizing custom-made potassium foil as a counter electrode. For 
LIBs, the half-cells were fitted with lithium foil as the counter electrode. 
The electrolyte fluid was a 1 M LiPF6 solution mixed in ethyl carbonate, 
dimethyl carbonate, and diethyl carbonate at equal volume percentages, 
along with a 10 % weight addition of fluoroethylene carbonate. In the 
case of PIBs, an electrolyte containing 1 M KFSI dissolved in DMC was 
introduced to saturate the anode electrode. A glass fiber separator and 
potassium foil were added in succession. Upon sealing the assembly, the 
battery’s electrochemical attributes were put to the test using a Maccor 
Series 4000 battery tester. Evaluations took place across a voltage span 
ranging from 0.01 V to 3.0 V. 

4.8. Computational section 

Computational analysis using DFT was carried out through the VASP 
5.4.4 software suite. Electron-ion interaction models utilized pseudo
potentials based on the projector augmented wave method, in 
conjunction with the generalized gradient approximation (GGA-PBE) 
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functionals available in the VASP library. A plane-wave energy 
threshold was fixed at 400 eV. For the purpose of enhancing structural 
accuracy, the criteria for total energy and force convergence were 
established at <1 × 10^− 5 eV and below 0.03 eV/Å, respectively. When 
calculating transition states via the Climbing Image Nudged Elastic Band 
(CI-NEB) technique, the force convergence criteria were relaxed to 
<0.05 eV/Å to expedite convergence. To account for van der Waals 
interactions, Grimme’s DFT-D3 approach was employed. Additionally, a 
vacuum layer of 15 Å thickness was introduced along the z-axis to nullify 
any undesired periodic effects. 
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