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A B S T R A C T   

Given the layered crystal structure and tunable composition, ternary metal phosphorus trichalcogenides (MPCh3) 
is an attractive anode material for potassium-ion batteries with higher surface activity and mobility than their 
binary analogues. However, how to improve the electronic conductivity, ion diffusion, and maintain high 
reversible potassiation/depotassiation processes are the main key issues for the development of MPCh3-based 
electrodes with high rate and long cycle life. For example, theoretically, FePSe3 has a layered crystal structure 
with high electronic conductivity and low diffusion barrier, yet their K+-based electrochemical performance not 
well demonstrated. Here, we report a mechanical exfoliation method to prepare few-layer FePSe3-carbon 
nanotube (f-FePSe3/CNT) hybrids for use as high-efficiency K+ storage anodes. Electrochemical performance, 
kinetic analysis, reaction mechanism analysis, and density functional theory calculations show that this strongly 
coupled 1D-2D hybrids promotes the reaction and diffusion of potassium ions, giving full play to the inherent 
advantages of materials with different dimensions. Therefore, the f-FePSe3/CNT PIB anodes exhibit high capacity 
(472.1 mA h g− 1, 0.05 A/g), high rate (124.9 mA h g− 1, 10 A/g), and cycling stability (>1000 cycles), which 
significantly exceeds the performance of its binary analogue, here FeSe. In addition, the full cells of potassium- 
ion battery and hybrid capacitor coupled with f-FePSe3/CNT anodes exhibit good cycling stability (500 cycles) 
and high energy/power density of 54.7 W h kg− 1/5790.8 W kg− 1, respectively, revealing its practical applica
tions in a wide range of K+-based storage systems. We believe that this work will provide a universal strategy for 
effectively activating the K+ electrochemical performance on a wide range of layered materials.   

1. Introduction 

Potassium-ion batteries (PIBs) have been developed to provide an 
alternative to lithium-ion batteries based on more abundant and low- 
cost materials [1–3]. However, the large ionic radius of K+ leads to 
poor cycling performance and rate capability due to large volume 
change and slow redox kinetics during cycling [4–6]. Graphite is the 
traditional lithium-ion batteries anode, yet the challenge of using 
graphite as a PIB anode is limited cycle stability far behind Li-ion bat
teries and low theoretical capacity (KC8; 279 mA h g− 1) [7–10]. 
Recently, two-dimensional (2D) few-layer sheets via exfoliation of 
layered materials has attracted great interest as a new candidate for 
energy storage applications due to their fascinating electronic and 
physicochemical properties [11,12]. 2D materials are special materials 
with atomic-thick layered structures that are bound together by strong 
covalent or ionic bonds and stacked together by weak van der Waals 
forces [13]. Two main characteristics of 2D materials make it an 

interesting energy storage material: (1) The large surface area of 2D 
materials is beneficial to ion adsorption and improved capacitance [14]. 
(2) The high electrical conductivity of 2D materials and tunable inter
layer spacing can facilitate electron transfer and ion intercalation 
[15–17]. 

Recently, ternary 2D metal phosphorus trichalcogenides (MPCh3, 
where M = V, Mn, Fe, Co, Ni, Zn, etc. and Ch = S, Se) is expected to 
become a new generation of energy storage materials. Compared to 2D 
carbon materials (e.g., graphene [18] and MXenes [19]) or binary ma
terials (e.g., MoS2 [20], SnS2 [21], VSe2 [4] and WSe2 [22], etc.), MPCh3 
layers with metal cations and [P2S6]4– or [P2Se6] 4– anions are held 
through van der Waals force, leading to unique structure, tunable 
composition, high surface activity and high mobility [23–25]. The 
excitonic insulating phase, intrinsic ferromagnetism, and high electron 
mobility of ternary metal phosphorus chalcogenides has higher elec
trical conductivity and tunable electronic states compared with the 
corresponding metal phosphides and sulfides. In particular, Feng et al. 
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found that the Na-ion full cell with CoPSe/NC anode can achieve an 
energy density of 274 Wh kg− 1, which is better than that of the binary 
CoSe2/NC full cells [26]. In principle, van der Waals bonded layered 
compounds through mechanical exfoliation techniques can produce a 
single or few layer, thus increasing the electrochemical specific surface 
area and interlayer spacing to facilitate ion/electron transport [27,28]. 
Often, the reduction of material thickness to a single layer or a few layers 
results in unique and potentially useful electronic properties [29]. For 
example, the electronic structure of the 2D material MoS2 changes from 
an indirect gap to a direct gap with decreasing size, and the band gap of 
single layer MoS2 is wider than that of 3D bulk MoS2 [30,31]. Hao et al. 
reported FePSe3 nanosheets with controlled oxygen doping for zinc-air 
batteries, which exhibited high round-trip efficiency (60.65 %) and 
long-term stability (280 h) [32]. Sang et al. prepared a 2D/2D hybrid of 
MnPS3/rGO with the specific capacity of 315 mA h g− 1 at 0.2 A/g, 
indicating its excellent performance in sodium-ion battery [33]. 

However, for large scale exfoliation, ball milling or liquid phase 
exfoliation methods sometimes result in impurities and defects, which 
would have non-negligible effects on their properties. Therefore, the 
strategy of mixing different dimensions materials can reduce the 
agglomeration caused by exfoliation to improve the conductivity and 
surface area of the composites [34]. Combining material of different 
dimensions can inherit the original advantages of materials in each 
dimension, such as 1D-2D composite materials [35,36]. 1D nanotubes 
have large specific surface area and good stability, while 2D materials 
have abundant active sites [37]. For the 1D-2D structure, the agglom
eration of 2D materials can be improved, and it has excellent electrical 
conductivity, making its hybrids useful for improved electrochemical 
performance of batteries. For example, Ye et al. reported that a 1D-2D 
MXene-CoTe modified separator improves electrolyte wettability and 
Li-ion transport, so that Li-S batteries achieve excellent rate capability, 
and long-life cyclability [38]. Luo et al. reported that 1D-2D Na3Ti5O12- 
MXene hybrid anode exhibits stable cycling performance even under 10 
mA cm− 2 for sodium ion batteries [39]. Despite this extraordinary 
electrochemical performance of 1D-2D hybrid, it is critical that the 
interfacial coupling strength is not controlled. Traditionally, 1D-2D 
hybrid structures can be obtained by self-assembly or layer-by-layer 
assembly, and the synthesis process is relatively complicated [39]. Un
fortunately, the interaction area between the 1D and 2D materials is 
very small, which is susceptible to other molecules. Therefore, a new 
strategy needs to be explored to produce 1D-2D hybrids with strong 
coupling interaction. 

In this work, we explore an efficient strategy to synthesize strongly 
coupled f-FePSe3-CNT hybrids as anodes for PIBs. The special architec
ture of 2D f-FePSe3 tightly wound with carbon nanotubes can enhance 
electronic conductivity, promote K+ diffusion, and effectively reduce the 
aggregation of f-FePSe3 and the buffer volume change. Importantly, it 
can effectively activate the high performance of FePSe3 PIB anodes, 
making them promising PIB anode materials. 

2. Experimental section 

2.1. Synthesis of FePSe3 

FePSe3 was synthesized by a vacuum solid-state method, which was 
slightly modified from previous research [40]. The iron powder (J.T. 
Baker), red phosphorous powder (Sigma-Aldrich, 97 %) and selenium 
powder (Sigma-Aldrich, 99.99 %) (the molar ratio is 1:1:3) were loaded 
into a vacuum quartz tube. The tube was sealed and then placed in 
furnace. The temperature was kept at 700 ◦C for 24 h. After completion 
of reaction and natural cooling to room temperature, the quartz tube 
was broken using a diamond cutter and samples were collected. 

2.2. Synthesis of f-FePSe3 

The f-FePSe3 was synthesized by wet milling method. The samples 

were prepared by mixing 90 mg of FePSe3 and 1 mL of 2-propanol (J.T. 
Baker, ≥99.5 %). The mixture was placed into a stainless-steel jar (12 
cm3) with stainless-steel balls (diameter of 3/8 in.) in a planetary ball 
mill (PM 100, RETSCH) at a rotation speed of 230 rpm for 20 h. 

2.3. Synthesis of f-FePSe3/CNT and f-FePSe3/graphite 

The f-FePSe3/CNT composites were synthesized via high energy 
mechanical milling (HEMM). FePSe3 and multi-walled carbon nanotube 
(the mass ratio was 2:1) were placed into a stainless-steel jar with 
stainless-steel balls and sealed inside an argon-filled glovebox. The mass 
ratio of ball to powder is about 180:1. Finally, the mixture was ball 
milled for 24 h. The f-FePSe3/graphite was prepared by a similar pro
cedure with adding graphite instead of CNT. 

2.4. Synthesis of few-layer FeSe (f-FeSe) and f-FeSe/CNT 

The f-FeSe were prepared by a one-step hydrothermal method, which 
was slightly modified from previous research [41]. In a typical synthesis, 
0.099 g of FeCl2⋅4H2O (Alfa Aesar, 98 %), 0.055 g of SeO2 (Alfa Aesar, 
99.4 %), 0.2 g of NaOH, and 0.03 g polyvinyl pyrrolidone (PVP, Sigma- 
Aldrich, M.W. ~ 55,000) were dissolved under vigorous magnetic stir
ring in 10.0 mL of glycol (Sigma-Aldrich, 98 %) for 2 h. The mixture was 
sealed in a Teflon-lined stainless steel autoclave (50 mL) and maintained 
at 220 ◦C for 12 h. Followed by natural cooling to ambient temperature, 
the resulted solid products were collected by centrifugation and washed 
with DI water and ethanol twice. In order to prepare f-FeSe/CNT, the 
synthesis conditions are the same as f-FePSe3/CNT. 

2.5. Material and electrochemical characterization 

The microstructure and electrochemical performance of the as- 
prepared samples (FePSe3, f-FePSe3, f-FePSe3/CNT, f-FePSe3/graphite, 
f-FeSe and f-FeSe/CNT) were tested by a series of experiment. The de
tails of equipment and experiment are described in the Supporting 
Information. 

2.6. Computational method 

Our calculations were performed by means of density functional 
theory (DFT) using the Vienna Ab-initio Simulation Package (VASP). 
The details of DFT calculation is provided in the Supporting Information. 

3. Results and discussion 

The synthetic process of f-FePSe3/CNT hybrids is shown in Fig. 1a. A 
layered crystalline material was obtained by a vacuum solid-state 
method. First, the high-purity elements of Fe, P and Se were sealed in 
the vacuum quartz tube. Then, the layered crystal FePSe3 products were 
finally collected after the tube was placed in furnace at 700 ◦C for 24 h. 
Next, in order to obtain f-FePSe3/CNT hybrids, the layered FePSe3 and 
CNTs were uniformly mixed by ball milling at 180 rpm. During the 
synthesis process, the strong interaction between the layered structure 
of FePSe3 and the steel balls physically exfoliates FePSe3. Mechanical 
pathways (normal and shear forces) can overcome the attractive force 
and van der Waals resistance between FePSe3 layers, so that the layer
ed structure of FePSe3 can be exfoliated layer by layer to form small and 
thin f-FePSe3. Among them, CNTs are interleaved between FePSe3 layers 
to form 3D f-FePSe3/CNT composites. This hybrid composites usually 
exhibit unique synergistic effects, and the introduction of conductive 
materials into 2D materials can effectively overcome the inherent 
problems of low conductivity and large volume change of raw materials, 
making these 2D materials in electrochemical more attractive. There
fore, the entangled 1D CNTs provide a 3D scaffold for FePSe3 due to 
good flexibility, stability, and high electrical conductivity, thereby 
optimizing the electrochemical performance of FePSe3 and satisfying the 
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potassium ion storage requirement. The scanning electron microscope 
(SEM) and transmission electron microscope (TEM) images of the as- 
synthesized FePSe3 clearly show the typical stacked layered structure 
(Fig. 1b and c). The microstructure of FePSe3 was further observed by 
high-resolution transmission electron microscopy (HRTEM), selected 
area electron diffraction (SAED), and atomic force microscopy (AFM) 
(Fig. 1d and e). In Fig. 1d, the layered structure of FePSe3 with a d- 
spacing of 0.238 nm can be clearly observed, corresponding to the (1 1 
3) plane of FePSe3 (PDF #04–007-2803). Furthermore, the SAED pattern 
shows regular rhombohedral spots, confirming the single-crystal struc
ture of FePSe3 (Fig. 1d inset). The thickness of the layered FePSe3 is 
about 1.5 μm as measured by the height profile by AFM (Fig. 1e). The 
elemental composition measured by scanning TEM energy dispersive 
spectroscopy (STEM-EDS) element mapping analysis indicates that the 
as-prepared FePSe3 is uniformly composed of Fe, P and Se elements 

(Figure S1). Fig. 1f and g show the microstructure of f-FePSe3/CNT 
hybrids analyzed by SEM and TEM. It can be found that the CNTs are 
closely intertwined with the f-FePSe3, which indicates that the original 
layered structure of FePSe3 can be successfully exfoliated into a f-FePSe3 
through the ball milling method, and the CNTs are uniformly wound 
around the f-FePSe3. Notably, except for some structural damage during 
ball milling, the tubular structure of CNTs can be clearly observed in the 
SEM images. CNTs as framework embedded in the FePSe3 layers can 
enhance mechanical stability, improve electrical conductivity, and 
reduce FePSe3 restacking. Fig. 1h shows the HRTEM image of the f- 
FePSe3/CNT composite and the lattice fringes with a d-spacing of 0.283 
nm belong to the (1 1 3) plane of the pristine FePSe3. Furthermore, the 
lattice fringes with a d-spacing of 0.344 nm corresponds to the (002) 
lattice plane of the CNTs, demonstrating that f-FePSe3 is successfully 
distributed in the CNTs. The SAED pattern of f-FePSe3/CNT is shown in 

Fig. 1. (a) Schematic of the synthesis process of 2D/1D f-FePSe3/CNT hybrid. SEM, TEM, HRTEM, and AFM images of (b–e) FePSe3 and (f–i) f-FePSe3/CNT. Inset of 
(d) and (h) is SAED pattern of FePSe3 and f-FePSe3/CNT. (j–n) EDS elements mappings of f-FePSe3/CNT. 
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the inset. The SAED pattern can point to the (110), (1 1 6), and (300) 
planes of FePSe3 and the (002) plane of CNT. In addition, the height of f- 
FePSe3 after exfoliated is analyzed through AFM measurement, as 
shown in Fig. 1i. The thickness of f-FePSe3 is about 5 nm. And, the 
morphology of f-FePSe3 and binary analogue (f-FeSe) is shown in 
Figure S2. The STEM-EDS element mapping results show that the as- 
prepared f-FePSe3/CNT is uniformly composed of Fe, P, Se and C ele
ments (Fig. 1j–n). In addition, the detailed microstructures of f-FeSe 
after mixing with CNT are also explored by SEM, TEM, SAED, HRTEM, 
and EDS showing that CNTs are uniformly wound around FeSe 
(Figure S3). 

The X-ray diffraction (XRD) patterns of FePSe3, f-FePSe3, and f- 
FePSe3/CNT are shown in Fig. 2a. All of XRD peaks are consistent with 
FePSe3, confirming that the crystalline structure of FePSe3 is not 
changed after ball milling. Meanwhile, an extra peak at 26.4◦ in the XRD 
patterns of f-FePSe3/CNT can be observed, which can be attributed to 
the (002) plane of CNT. Moreover, the XRD patterns of f-FeSe and f- 
FeSe/CNT show that both of XRD peaks are consistent with FeSe 
(Figure S4). The Raman spectra of FePSe3, f-FePSe3/CNT and f-FeSe/ 
CNT are shown in Fig. 2b. The Raman spectrum has two peaks at 1340 
cm− 1 (D-band) and 1580 cm− 1 (G-band), corresponding to disordered 
and ordered carbons, respectively. The peak intensity ratio of the D band 
to the G band reflects the disorder degree of the carbon material [42,43]. 
The D/G intensity ratio of f-FePSe3/CNT and f-FeSe/CNT indicates an 
increase the defects, properties that can improve electrical conductivity 
and facilitate reaction kinetics [44]. The carbon content of f-FePSe3/ 
CNT is approximately 33 % by thermogravimetric analysis (TGA) 
(Figure S5). The current–voltage (I-V) curves of FePSe3 and f-FePSe3/ 
CNT are shown in Fig. 2c. Based on the Ohm’s law:V = I × R, the fit line 
curve of current (i) and voltage (V) can determine the slope (R, resis
tance). And, according to law of resistance: R = ρ L

A, the resistance is the 
ratio of the thickness (L) and cross-section area (A) of the electrode 
multiplied by the resistivity (ρ). Therefore, the conductivity (σ) can be 

calculated: = 1
ρ . Fig. 2d shows that the conductivity of f-FePSe3/CNT 

(0.132 S m− 1) is about 105 times as high as FePSe3 (9.764 × 10− 6 S m− 1), 
suggesting that the conductivity of FePSe3 can be effectively increased 
after mixing with CNTs [45]. The C, Fe, P, and Se compositions of f- 
FePSe3/CNT and FePSe3 were analyzed by X-ray photoelectron spec
troscopy (XPS) (Fig. 2e–h, S6 and S7). Fig. 2e can be deconvoluted into 
two peaks at 285.6 and 284.8 eV, assigned to C–O and C–C, respec
tively [46]. In Fig. 2f, the two peaks at around 711.2 and 724.7 eV 
belong to the 2p3/2 and 2p1/2 levels of Fe2+ while the other two strong 
peaks located at 714.5 and 728.7 eV, assigned to the 2p3/2 and 2p1/2 
levels of Fe3+, indicating the co-existence of both Fe2+ and Fe3+ in f- 
FePSe3/CNT. In Fig. 2g, the peaks located at 131.9 and 133.2 eV, cor
responding to P 2p3/2 and P 2p1/2 [32,47]. Additionally, the peak of POx 
at 134.4 eV can be observed due to surface oxidation of the samples 
exposed to the atmosphere after fabrication. In the Se 3d spectrum, the 
peaks located at 55.4 and 56.2 eV, assigned to Se 3d5/2 and Se 3d3/2, 
respectively (Fig. 2h) [48]. The probable chemical connection between 
f-FePSe3 and CNTs was investigated by surface time-of-flight secondary 
ion mass spectrometry (ToF-SIMS). Fig. 2i shows clear peaks associated 
with Fe − O – C, P – C, P – O – C, Se − C, and Se − O – C bonds, 
respectively, confirming the formation of chemical bonds between f- 
FePSe3 and CNTs during ball milling. 

In order to explore the influence of 3D structure and the difference of 
FePSe3 and FeSe on electrochemical performance. The difference be
tween FeSe and FePSe3 materials was initially observed through simu
lation calculations (Figure S8). Fig. 3a shows the CV curves of f-FePSe3/ 
CNT under 0.1 mV s− 1. During the initial cathodic process, a strong 
cathodic peak is obtained at about 1.45 V, which is attributed to the 
formation of the solid-electrolyte interphase (SEI) film and the insertion 
of K+ into FePSe3 to form Fe, P and K2Se. Subsequently, another strong 
peak appears at 0.75 V, which is due to the reaction of K+ with P to form 
K4P3. In the anodic process, an oxide peak at about 1.80 V can be 
attributed to the reversible reaction and the formation of FePSe3. All 

Fig. 2. (a) XRD patterns of FePSe3, f-FePSe3, and f-FePSe3/CNT. (b) Raman spectra of FePSe3, f-FePSe3/CNT, and f-FeSe/CNT. (c) I − V curves of FePSe3 and f- 
FePSe3/CNT. The inset image is the I − V curve of FePSe3, ranging from 0 − 10− 5A. (d) Comparison of conductivity of FePSe3 and f-FePSe3/CNT. (e–h) High- 
resolution C 1 s, Fe 2p, P 2p, and Se 3d XPS spectra of f-FePSe3/CNT. (i) ToF-SIMS spectra of FeOC− , PC− , POC− , SeC− , and SeOC− fragments for f-FePSe3/CNT. 
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peaks almost overlap after the second cycle, indicating highly reversible 
electrochemical performance. The CV curves of f-FeSe/CNT under 0.1 
mV s− 1 is shown in Figure S9. Additionally, the rate and cycling per
formance of the CNTs electrode were investigated. Figure S10 shows 
that pure CNTs cannot contribute to the capacity for the f-FePSe3/CNT 
electrode. Fig. 3b shows the discharge–charge curves of f-FePSe3/CNT 
for the first five cycles. The initial discharge/charge capacity of f- 
FePSe3/CNT are 730.6 and 441.2 mA h g− 1, respectively, and the initial 
Coulombic efficiency (ICE) is about 60.39 %. The rate performance of 
FePSe3, f-FePSe3, f-FePSe3/CNT, f-FeSe and f-FeSe/CNT was tested at 
different rates from 0.05 to 10.0 A g− 1 in Fig. 3c. FePSe3 only delivers 
the low capacity of 124.2 mA h g− 1 at low rate of 0.5 A g− 1, and then the 
capacity almost declines to zero at high rate of 6 A g− 1, which can be 
attributed to the material fragmentation after K+ intercalation. In 
addition, although the capacity of f-FePSe3 is higher than that of FePSe3, 
it also decays quickly after high rate of 6 A g− 1. The electrochemical 
performance of FePSe3 is improved through the strategy of 1D/2D 
hybrid nanoarchitecture, f-FePSe3/CNT electrode delivers the capacities 
of 472.1, 379.8, 321.6, 281.1, 252.7, 215.5, 186.6, 162.2, and 133.3 mA 
h g− 1 at the current density of 0.05, 0.1, 0.5, 1, 2, 4, 6, 8, and 10 A g− 1, 
respectively (Fig. 3c). On the other hand, the strategy of 2D/2D hybrid 
(f-FePSe3/graphite) was investigated. The detailed microstructures and 
characterization of f-FePSe3/graphite were explored by SEM, TEM, 
SAED, HRTEM, EDS, XRD, Raman spectroscopy, TGA and XPS 
(Figures S11 and S12). The f-FePSe3/graphite electrode delivers the 
capacities of462.9, 366.9, 305.9, 266.6, 235.5, 199.9, 178.3, 164.4 and 
152.7 mA h g− 1 at the current density of 0.05, 0.1, 0.5, 1, 2, 4, 6, 8, and 
10 A g− 1, respectively (Figure S13). There is no particular difference 

between the 1D/2D hybrid and 2D/2D hybrid in the rate performance 
test. In addition, comparing the difference between FePSe3 and FeSe, it 
can be clearly observed that the rate performance of f-FeSe/CNT is lower 
than that of f-FePSe3/CNT. This result is consistent with the DFT result. 
The relatively low energy barrier facilitates fast ion diffusion and elec
trochemical reaction kinetics. Notably, the rate performance of FeSe is 
also improved after mixing with CNT, indicating that CNTs embedded in 
the layered materials can improve the rate performance. Fig. 3d shows 
the charge–discharge curves of f-FePSe3/CNT at different rates. The 
cycling performance of FePSe3, f-FePSe3, f-FePSe3/CNT, f-FeSe and f- 
FeSe/CNT was evaluated at 0.05 A g− 1 (Fig. 3e). First of all, the capacity 
of FePSe3 has an obvious downward trend before 20 cycles, but the cycle 
performance of f-FePSe3 and f-FePSe3/CNT is significantly improved. 
The f-FePSe3/CNT delivers the capacity of 461.6 mA h g− 1 after 100 
cycles, whereas f-FePSe3 has an obvious downward trend, indicating 
that f-FePSe3/CNT has better cycle performance. In particular, although 
f-FeSe/CNT is steady, the capacity is lower than that of f-FePSe3/CNT, 
which can be attributed to P inside FePSe3 reacted with K to form K4P3. 
Compared with the rate performances of 2D carbon-treated Se-based 
anode material and other materials (FeSe2 and FeP) applied to PIBs are 
shown in Fig. 3f [46,49–55]. First, it can be found that the rate perfor
mance of most materials is limited to about 5 A g− 1, except for f-FePSe3/ 
CNT and MoSe2@N-HCS. Although MoSe2@N-HCS maintains capacity 
at high current density (10 A g− 1), it obviously delivers lower capacity 
than f-FePSe3/CNT. Notably, the capacity of SnSSe/MGS has higher than 
f-FePSe3/CNT, but the advantage of f-FePSe3/CNT is that it can maintain 
high capacity at high current density (10 A g− 1). In addition, the long- 
term cycling performance of FePSe3, f-FePSe3, f-FePSe3/CNT, f-FeSe, 

Fig. 3. (a) CV profiles at a scan rate of 0.1 mV s− 1 and (b) galvanostatic charge/discharge curves at 50 mA g− 1 for f-FePSe3/CNT. (c) Rate performance of different 
electrodes at various current densities from 0.05 to 10 A/g. (d) Galvanostatic charge/discharge curves of f-FePSe3/CNT at various current densities. (e) Cycling 
performance of different electrodes at a current density of 50 mA g− 1. (f) Rate performance comparison of f-FePSe3/CNT with previously reported anode materials. 
(g) Long-term cycling performance of different electrodes at a current density of 500 mA g− 1. 

Y.-F. Huang et al.                                                                                                                                                                                                                               



Chemical Engineering Journal 451 (2023) 139013

6

and f-FeSe/CNT at 500 mA g− 1 was also compared (Fig. 3g). The ca
pacity of both of FePSe3 and f-FePSe3 significantly decays to zero 
although the capacity of f-FePSe3 is higher than that of FePSe3. How
ever, in order to observe the difference between the 1D/2D hybrid or 
2D/2D hybrid, the long-term cycling performance of f-FePSe3/graphite 
at 500 mA g− 1 was also investigated (Figure S13). The capacity of f- 
FePSe3/graphite obviously dropped close to zero after 400 cycles, but f- 

FePSe3/CNT can cycle stably for 1000 cycles and maintain the special 
capacity of 223.6 mA h g− 1. In addition, f-FeSe/CNT can also cycle 
stably for 1000 cycles and delivers the capacity of 130.7 mA h g− 1, but 
the capacity is lower than that of f-FePSe3/CNT. Based on the above 
results, CNT can improve the electrochemical performance of 2D ma
terials (FePSe3 and FeSe), indicating that the 3D structure designed in 
this work is a beneficial method to protect the 2D materials to avoid the 

Fig. 4. (a) In-situ XRD patterns of the FePSe3 electrode during potassiation/depotassiation process of the initial cycle. HRTEM and SAED images of the FePSe3 
electrode after (b, c) discharging to 0.01 V and (d, e) charging to 3.0 V. (f–j) EDS mapping images of the FePSe3 electrode after discharging to 0.01 V. (k) Schematic 
illustration of the K+ storage mechanism of FePSe3 during the conversion process. 
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material fragmentation caused by volume expansion during charging/ 
discharging process. In addition, CV measurements, galvanostatic 
intermittent titration technique (GITT) tests, in-situ electrochemical 
impedance spectroscopy (EIS) and ex-situ EIS measurements were per
formed to reveal the K+ storage kinetics (Figures S14-S16). The results 
show that f-FePSe3/CNT exhibits excellent electrochemical kinetics. 

To gain insight into the K+ storage mechanism of the FePSe3 elec
trodes, in-situ and ex-situ XRD of FePSe3 were performed. The in-situ XRD 
patterns of FePSe3 electrodes during the first cycle at 50 mA g− 1 between 
0.01 and 3.0 V (vs K+/K) are shown in Fig. 4a. During the first dis
charging process, two strong peaks were initially observed at 26.9◦ and 
31.6◦, which belong to the peaks of FePSe3. After discharging to 1.5 V, 
the peak of FePSe3 disappears, and two peaks appear at 29.8◦ and 33.1◦, 
which are assigned to P (PDF 04–005-7287) and K2Se (PDF 04–007- 
1643), respectively, indicating that the conversion reaction between 
FePSe3 and K+ and the formation of P and K2Se. Then, after further 
discharging to 1 V, new strong peaks appear at 28.9◦ and 29.7◦, which 
belong to K4P3 (PDF 04–007-1643), indicating that P further reacts with 
K to form K4P3. After charging to 1.8 V, it can be found that the peaks of 
K4P3 and K2Se disappear, and there are two strong peaks at 26.9◦ and 
31.6◦, which are attributed to FePSe3, indicating that the first cycle of 
charge–discharge reaction is a reversible reaction. However, due to the 
use of a Be window in in-situ XRD, the phase change of Fe cannot be 
clearly observed. Therefore, through the analysis results of ex-situ XRD, 
it can be observed that there is a weak peak at 44.6◦, which can be 
attributed to Fe (PDF 00–006-0696) after discharging to 1.2 V 
(Figure S17). With the continuous discharge, the peak of Fe gradually 
increases, meaning the complete conversion reaction between FePSe3 
and K+ to form Fe、K4P3 and K2Se. The morphology and phase evolu
tion of FePSe3 was investigated at fully discharged state (0.01 V) and 
fully charged state (3.0 V) by HRTEM and SAED. Fig. 4b shows that the 
HRTEM image at fully discharged state shows some lattice fringes with 
lattice spacings of 0.202, 0.248, 0.232 nm, corresponding to the (110) 
plane of Fe, the (311) plane of K2Se and the (200) plane of K4P3, 
respectively. Fig. 4c is the corresponding SAED, the d-spacing of the 
diffraction rings can be assigned to the Fe (110) plane, K2Se (311) plane 
and K4P3 (114) plane. These results are consistent with in-situ and ex-situ 
XRD, indicating the conversion process from FePSe3 to Fe, K2Se, and 
K4P3 after discharge to 0.01 V. In addition, after fully charged to 3.0 V, 
the morphology of FePSe3 changes back to layered material, but the size 
of the layered FePSe3 becomes small due to potassiation (Figure S18). 
And, it can be observed that FePSe3 in f-FePSe3/CNT is still uniformly 
dispersed in the CNTs after 5 or 50 cycles, but FePSe3 has a tendency to 
agglomerate gradually, indicating that 3D structure can prevent f- 
FePSe3 from agglomerating. The corresponding lattice fringes in Fig. 4d 
and d-spacing of the diffraction rings in Fig. 4e can be indexed to FePSe3, 
thus confirming the reversibility of FePSe3 during K+ storage. From the 
EDS elemental mapping, it is found that the K, Fe, P, and Se signals show 
strong intensities, which can be indicated the formation of Fe, K2Se and 
K4P3 after discharging to 0.01 V (Fig. 4f-j). To understand the conversion 
mechanism of FePSe3, ex-situ XPS study of Fe, P, and Se elements was 
performed on electrodes at different discharge states (Figure S19). The 
spectrum of Fe 2p on the pristine electrode shows the main four peaks 
Fe2+ 2p3/2 (710.4 eV), Fe2+ 2p1/2 (722.5 eV), Fe3+ 2p3/2 (713.4 eV) and 
Fe3+ 2p1/2 (726.3 eV). After discharging to 1 V, the peaks of Fe0 2p3/2 
(707.5 eV) and Fe0 2p1/2 (720.2 eV) emerge, which are related to the 
metallic Fe phase. Fe0 2p3/2 and Fe0 2p1/2 can also be observed after 
discharged to 0.01 V. In the P 2p spectrum, the pristine electrode shows 
the typical P 2p3/2 (132.4 eV) and P 2p1/2 (133.5 eV) features, which is 
consistent with the XPS results in Fig. 2g. From open circuit potential 
(OCP) to 0.01 V, it can be found that the main peak gradually shifts to 
lower binding energy due to the formation of K4P3. In the Se 2p spec
trum, it can be clearly observed that the main peak shifts to lower 
binding energies from OCP to 0.01 V, which can be attributed to the 
formation of K2Se. This result is highly consistent with the XRD analysis 
result. In summary, through the results of in-situ and ex-situ XRD, ex-situ 

TEM, and ex-situ XPS, the reaction mechanism of FePSe3 shown by the 
schematic diagram in Fig. 4k is inferred, the corresponding reaction 
equation for the conversion reaction of potassiation/depotassiation is 
described as follows: 

Stage I: FePSe3 + 6 K+ + 6e– → Fe + P + 3K2Se. 
Stage II: 3P + 4 K+ + 4e– → K4P3. 
Stage III: K4P3 + 9K2Se + 3Fe → 3FePSe3 + 22 K+ + 22e–. 

To further investigate why f-FePSe3/CNT electrode has excellent 
electrochemical performance compared to FePSe3 electrode and f- 
FePSe3 electrode, DFT calculations were performed to study migration 
mechanism for potassium ions on the surface of f-FePSe3, between 
FePSe3 layers, and between f-FePSe3 and CNT. Fig. 5a-g show the 
possible diffusion paths and corresponding migration energy barriers for 
FePSe3, f-FePSe3, and f-FePSe3/CNT. The energy barrier can estimate the 
energy demand of alkali metal atoms to transport through the electrode. 
Therefore, the electrode materials with lower energy diffusion barriers 
will experience fast alkali metal atomic transport and storage, resulting 
in better electrochemical performance. Although the migration energy 
(0.11 eV) of f-FePSe3 is lower than that of FePSe3 (0.46 eV), indicating 
that exfoliation strategy can improve the electrochemical performance 
of FePSe3. However, the calculated migration energies of f-FePSe3/CNT 
at each site are significantly lower than those of f-FePSe3, indicating that 
the f-FePSe3/CNT has faster potassium ion diffusion than f-FePSe3. 1D/ 
2D hybrid promotes charge transfer and ion transport during the elec
trochemical reaction, leading to the excellent kinetic and rate perfor
mance. These results are consistent with the electrochemical test results. 
The f-FePSe3/CNT can deliver a special capacity of 124.9 mA h g− 1 at 
high density (10.0 A g− 1). Conversely, the capacity of FePSe3 and f- 
FePSe3 approached zero at 6.0 A g− 1. In addition, in the test of rate 
capability and cycling stability, FeSe group has lower capacity compared 
with FePSe3 group, which can be attributed to the slower potassium ion 
diffusion kinetics of FeSe. It is worth noting that the advantages of 1D/ 
2D hybrids can also be observed in the group of FeSe. Compared with f- 
FeSe, f-FeSe/CNT exhibits excellent rate capability and long-cycle sta
bility. Interestingly, it is found that the morphology of f-FePSe3/CNT 
after 5 cycles is still similar to the first circle in the process of mechanism 
analysis, indicating that 1D CNTs effectively prevent FePSe3 agglomer
ation. Conversely, the agglomeration problems produce on the FePSe3 
electrode after 5 cycle. Based on the analysis of electrochemical per
formance, mechanism and DFT results, Fig. 5h shows that the 1D/2D 
hybrid is beneficial to accelerate the charge transfer rate of 2D materials 
and promote ion diffusion because the 1D CNTs tightly wrap around the 
2D FePSe3. This material design approach offers mutually beneficial 
impacts as the restacking of FePSe3 can be prevented and the aggrega
tion of CNTs can be suppressed. Furthermore, the 1D CNTs help to 
maintain a larger K ion spacing to penetrate between 2D FePSe3 layers, 
thus facilitating the storage of more K ions. Therefore, it can be specu
lated that f-FePSe3/CNT is a promising anode material, and the feasi
bility of assembling with other cathode materials into two systems, 
potassium-ion batteries (PIBs) and potassium-ion hybrid capacitors 
(PIHCs), can be further investigated. 

Based on the excellent performance of the half-cell, a K-ion full cell 
(referred to as f-FePSe3/CNT//PB) was assembled using f-FePSe3/CNT 
as anode and PB as cathode (Fig. 6). Before assembling K-ion full cell, the 
XRD pattern and electrochemical properties of PB were investigated 
(Figure S20). The results demonstrate that PB was successfully synthe
sized and excellent electrochemical performance as a cathode. The first 
charge/discharge curves of f-FePSe3/CNT half-cell, PB half-cell and f- 
FePSe3/CNT//PB full-cell at 0.10 A g− 1 are shown in Fig. 6b. According 
to the charge–discharge curve, the working voltage of f-FePSe3/CNT// 
PB full-cell ranges from 1 to 3.8 V. The mass ratio of anode and cathode 
is set to 1:4.5. Figure S21 shows the CV curves of f-FePSe3/CNT//PB 
under 1 mV s− 1. The overlapping peaks in the CV curves indicate that the 
f-FePSe3/CNT//PB full cell is in the proper voltage window of 1.0–3.8 V. 
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Fig. 5. The (a-c) side and (d-f) top view of potassium diffusion pathways on the surface of f-FePSe3, between FePSe3 layers, and between f-FePSe3 and CNT. (g) 
Calculated energy barriers of K on the surface of f-FePSe3, between FePSe3 layers, and between f-FePSe3 and CNT. (h) Schematic illustration of advantages of 2D f- 
FePSe3/1D CNT hybrid for PIB. 
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Fig. 6. (a) Schematic diagram of a f-FePSe3/CNT//PB full cell. (b) Charge/discharge curves of PB and f-FePSe3/CNT half cells and a f-FePSe3/CNT//PB full cell. (c) 
Charge/discharge profiles at 50 mA g− 1. (d) Rate performance at current densities ranging from 0.1 to 1 A/g. (e) Long-term cycling performance at 250 mA g− 1. 

Fig. 7. (a) CV profiles of AC and f-FePSe3/CNT half cells (top) and a f-FePSe3/CNT//AC PIHC (bottom). (b) Normalized charge/discharge curves of two half cells and 
a full cell. (c) CV profiles at various current densities. (d) Rate performance at various current densities from 0.1 to 3 A/g. (e) Charge/discharge profiles at different 
current densities. (f) Ragone plots of the f-FePSe3/CNT//AC PIHC compared with previously reported PIHCs. (g) Long-term cycling performance at 1 A g− 1. Insets of 
(g) present the pseudocapacitive profile and a digital picture while lighting a LED bulb. 

Y.-F. Huang et al.                                                                                                                                                                                                                               



Chemical Engineering Journal 451 (2023) 139013

10

The charge/discharge curves of the f-FePSe3/CNT//PB full cell show the 
initial charge and discharge capacity are 62.4 and 46.1 mA h g− 1. Fig. 6c 
shows the charge–discharge curves of the first five cycles of the f- 
FePSe3/CNT//PB full cell. The overlapping shapes during cycling indi
cate that the f-FePSe3/CNT//PB full cells have good reversibility and 
stability. In Fig. 6d, the rate performance of f-FePSe3/CNT//PB shows 
that the discharge capacities are 45.5, 37.5, 31.6, 28.3 and 25.8 mA h 
g− 1 at the current densities of 0.1, 0.25, 0.5, 0.75 and 1 A g− 1, respec
tively. The results demonstrate the high rate capability of the full cell. 
Fig. 6e shows the cycle stability test of the full cell at a current density of 
0.25 A g− 1. After 500 cycles, the f-FePSe3/CNT//PB full-cell retains 
81.3 % of the initial capacity with an average CE of about 99.4 %. 
Therefore, the excellent electrochemical performances of f-FePSe3/CNT 
demonstrate its potential as a high-performance anode material for PIB. 

Considering the high reaction kinetics and potassium storage ca
pacity of the as-synthesized f-FePSe3/CNT anode, a PIHC device (labeled 
as f-FePSe3/CNT//AC) was prepared with AC cathode. Before assem
bling PIHCs, the electrochemical properties of AC were investigated, 
including charge and discharge curves, cycling performance and rate 
performance (Figure S22), which demonstrated excellent electro
chemical performance as a cathode for PIHCs. The optimal mass ratio of 
cathode and anode of 1:1 was selected for maximum output power. To 
select the working window of f-FePSe3/CNT //AC PIHC, the voltage 
range of f-FePSe3/CNT anode and AC cathode in half-cell configuration 
was investigated (Fig. 7a and b). Optimally, the potential window of full 
cell was set between 0.5 and 3.9 V. In addition, the kinetics analysis of f- 
FePSe3/CNT//AC was also carried out by CV measurement at different 
scan rates in the potential range from 0.5 to 3.9 V (Fig. 7c). The results 
show that CV curves exhibit quasi-rectangular shapes without polari
zation and it can be operated steadily in a high voltage window, indi
cating that the pseudocapacitive in f-FePSe3/CNT//AC PIHC is highly 
dominated. As shown in Fig. 7d, f-FePSe3/CNT//AC exhibits an ultra- 
high energy density of 77.3 Wh kg− 1 at 0.1 A g− 1, even it can still 
deliver 54.7 Wh kg− 1 at 3 A g− 1. The excellent rate capability of PIHCs is 
due to the fast kinetics of the electrode material. The discharge/charge 
curves at different current densities are almost straight, indicating the 
K+ storage mechanism mainly controlled by the capacitive behavior 
(Fig. 7e). The Ragone plots in terms of the energy/power density of 
various PIHC systems are shown in Fig. 7f. The f-FePSe3/CNT//AC PIHC 
delivers an energy density of 77.3 Wh kg− 1 at a power density of 210.5 
W kg− 1. Even at a high power density of 5790.8 W kg− 1, the f-FePSe3/ 
CNT//AC PIHC can achieve energy density of 54.7 Wh kg− 1, indicating 
that f-FePSe3/CNT//AC PIHC can deliver high energy and high power 
simultaneously. Also, it can be observed that it exhibits better power/ 
energy density compared with the previously reported PIHC. For 
example, N-MoSe2/G//AC [56], NbSe2/NSeCNFs//AC [57], ZnSe@i- 
NMC@o-rGO//AC [58], Co2P@//AC [59], MoP@NC//AC [60]; G- 
TiO//AC [61] and NCNTs//AC [62], etc. Considering the cycle stability, 
the f-FePSe3/CNT//AC exhibits energy density of 51.4 Wh kg− 1 with a 
capacity retention of 71 % after 3000 cycles at 1 A g− 1 (Fig. 7g). In 
addition, FePSe3//AC can easily light up 81 red LED (see the inset in 
Fig. 7g), thus demonstrating its application potential. This study may 
introduce a new application area for ternary metal phosphorus trichal
cogenides and provide an alternative material for further development 
of high-performance PIHCs. 

4. Conclusion 

In conclusion, an architectural 3D f-FePSe3/CNT hybrid structure is 
proposed, in which 1D CNTs are tightly wound around f-FePSe3 crystals, 
for use as an excellent anode electrode for PIBs. Due to the synergistic 
effect, 2D FePSe3 contributes highly surface-controlled capacitive stor
age through the 1D CNT network, and the electrochemical affinity for K 
ions is significantly enhanced. On the other hand, the 1D/2D hybrids can 
prevent the 2D material from agglomerating again during the charging 
and discharging process, thereby improving the electrochemical 

performance of the material. Moreover, we also demonstrate that the f- 
FePSe3/CNT anode exhibits superior K storage performance compared 
to the f-FeSe/CNT anodes due to the following advantages: (i) the 
addition of P atoms makes FePSe3 theoretical capacity higher than FeSe; 
(ii) f-FePSe3/CNT electronic conductivity is higher than f-FeSe/CNT; 
(iii) The low diffusion barrier of f-FePSe3 relative to f-FeSe facilitates fast 
ion diffusion and electrochemical reaction kinetics. Therefore, this work 
provides a feasible and scalable electrode design strategy for the prac
tical application of layered compound-based potassium ion storage de
vices with high energy density and power density. 
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