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Cu3PS4: a sulfur-rich metal phosphosulfide with superior ionic diffusion 
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A B S T R A C T   

The emerging conversion-type chalcogenide anode materials for potassium ion storage may propose high 
theoretical specific capacity (>600 mA h g− 1) and high compatibility with electrolytes, but currently the re-
ported performance falls behind this goal due to severe material pulverization, polysulfide shuttle effect, and 
slow potassium ion diffusion during a charge/discharge process. Here, we report that Cu3PS4, a sulfur-rich 
orthorhombic metal phosphosulfide, can achieve highly reversible multiple conversion reactions, including 
the formation of KP and K2S along with 9 electrons transfer and efficient diffusion of potassium ions. Moreover, 
we introduce a layer graphite surface coating to enhance the overall conductivity of the electrodes, decrease the 
internal resistance, and render specific electronic channel with fast kinetic diffusion. During cycling, a tightly 
connected K-Cu–P–S junctions were formed to establish an ultra-stable heterostructure to entrap polysulfides in 
materials via an appropriate and uniform affinity. In electrochemical tests, Cu3PS4 potassium ion anodes exhibit 
the highest capacity of 649.3 mA h g− 1 at a current density of 0.05 A/g, reaching 94.4 % of its theoretical ca-
pacity (687.3 mA h g− 1), and showed an ultra-stable 3000 cycle life and high-rate capability up to 8 A/g. 
Furthermore, the full battery and hybrid capacitor show attractive energy density and long cycle life of 82.5 W h 
kg− 1 for 800 cycles and 80.3 W h kg− 1 for 5000 cycles, respectively. This work provides promising results for 
metal phosphosulfide applications in high-efficiency potassium-ion storage devices, and may also be instructive 
for material advancements in related energy fields.   

1. Introduction 

Lithium-ion batteries with long cycle life [1–3] and high-power 
density [4–7] have breakthrough applications in electrified trans-
portation and portable electronics [8]; however, the insufficient lithium 
content in the earth’s crust and the high cost of lithium metal remain a 
challenge for widespread applications in the future [9–11]. In this sce-
nario, potassium-ion batteries have become the alkali metal analogs of 
electronic conversion technology in recent years due to their similar 
physical and chemical properties to lithium-ion batteries [12]. Their low 
cost ascribed to the abundant resources (1.5 wt%), and the standard 
redox potential of K+/K (–2.93 V) is higher than that of Li+/ Li (–3.04 V), 
enabling its application to work at high operating voltages and higher 
energy density in full cells [13–17]. In addition, the similar intercalation 
chemistry endows potassium-ion batteries with chemical reactions at 
high potential [18–20]. On the other hand, low-cost aluminum foil can 
be used as a current collector, so that the weak Lewis acidity of potas-
sium ions enhances their diffusion in various electrolyte [21,22], and 

effectively relieves the polarization at the interface between the elec-
trolyte and the electrode [23–26]. Nonetheless, the large atomic radius 
of potassium ions makes it difficult to intercalate into electrode mate-
rials, resulting in less specific capacity and accompanying poor kinetic 
response and rate performance [27,28]. 

Transition metal sulfides which possess high theoretical volume ca-
pacity, intrinsic conductivity and ionic conductivity have received great 
attention in recent years [29–36], such as SnSx [37,38], CuSx [39], MoSx 
[40], TiSx [41] and so on. Since the M− S bond between MSx is weaker 
than the M− O bond, and the final conversion product M2Sx produced by 
MSx during the charge–discharge reaction is more conductive than M2O, 
metal sulfides with better kinetic properties are more suitable for po-
tassium ion battery systems than metal oxides [42,43]. However, direct 
use of these materials exhibits poor cycling performance due to inef-
fective activation. Carbonaceous materials are widely used to the form a 
layer structure on the electrode surface, thereby simultaneously im-
proves the overall conductivity of the electrode [44–47]. Together with 
the increase of active sites in the electrolyte, the active material can 
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transport potassium ions more efficiently during cycling, which further 
improves the rate performance [48]. Nevertheless, transition metal 
sulfides often face the redox shuttle effect during the charge–discharge 
process, resulting in the formation of polysulfides that repeatedly 
dissolve in the electrolyte, leading to continuous loss of active materials 
during chemical reactions. Although carbon-coated materials can 
effectively suppress the collapse of the structure, the non-polar carbon 
framework is difficult to dissolve polysulfides through physical 
adsorption. It has been pointed out that physical adsorption and 
chemical bonding of polysulfides are the most commonly applied solu-
tions, but doping other host materials may increase the overall active 
material weight and reduce the volumetric capacity of the electrode at 
the same time [49,50]. Among binary transition metal sulfides, few 
anode materials can effectively alleviate the polysulfide dissolution 
problem, resulting in mediocre performance in full-cell applications or 
potassium-ion hybrid capacitors (PIHCs). To this situation, several 
recent studies have proved that the polyatomic synergistic effect 
induced via the addition of metal elements can increase the contact area 
between the active material and the electrolyte [51,52], and shorten the 
diffusion distance of metal ions. Compared with monometallic sulfides, 
the addition of elements such as phosphorus, antimony, bismuth and 
some VA group element may boost the synergistic effect and can provide 
more redox active centers [53,54], and render fast electronic 
conduction. 

Ternary transition metal sulfides are intrinsic variants of binary 
transition metal sulfides with high electrical conductivity and more 
redox active sites relative to metal oxides and metal hydroxides. Ternary 
sulfides with 3d orbitals may enable the existence of many Lewis acids 
and bases between polar materials and polysulfides, so that the migra-
tion of polysulfides is greatly restricted by chemical bonds. Compared 
with polar oxides, polar sulfides have higher electronic conductivity, so 
they may be more suitable as sulfur frameworks, which can also effec-
tively adsorb polysulfides. For example, Kim et al., applied the ternary 
transition metal sulfide NiTi2S4 to Li-ion batteries and found that 
insoluble Li2S is formed during the intercalation/de-lithiation reaction 
instead of LiPSs [55]. Guo et al. found that the ternary transition metal 
sulfide (FCN111) has surface electro-positivity, and its strong Lewis 
acid-base interaction can further avoid the formation of LiPSs [56]. Yan 
et al. found that the ternary material MnCo2S4 synthesized by sulfuri-
zation can utilize its unique crystal structure to prevent the electrode 
powder agglomeration, thereby inhibiting the shuttle effect [57]. Based 
on the above viewpoints, the effective combination of ternary transition 
metal sulfide and carbon layer can simultaneously stabilize the electrode 
and overcome the redox shuttle effect, prolonging anode life span and 
rate performance of the electrode. 

In this study, an orthorhombic ternary metal phosphosulfide Cu3PS4/ 
G were prepared by high-energy ball milling with a specific molar ratio 
of copper, phosphorus, and sulfur as precursors, and graphite. By 
enhancing the synergistic effect of elements of the ternary materials to 
improve the diffusivity of potassium ions, and through simulation and 
experimental mutual corroboration, the advantages of Cu3PS4/G 
compared with CuS/G were confirmed and the challenges such as the 
shuttle effect and long-term cycling performance of metal sulfides were 
resolved. The theoretical calculation shows that potassium ions have a 
low-energy barrier in the material to effectively capture potassium 
polysulfides through the synergistic effect of ternary materials during 
conversion reaction. In addition, Cu3PS4/G can also reach the highest 
specific capacity 649.3 mA h g− 1 at 50 mA g− 1 as well as the high 
electrochemical performance in other aspects, including capacity 
retention (CR), initial Coulombic efficiency (ICE), long term cycle 
number, and high current density. Finally, we fabricated a full battery 
with Prussian blue (KxFe(Fe(CN6))) and a hybrid capacitor using acti-
vated carbon as a cathode, respectively. Both showed attractive energy 
density and long cycle life, which are 82.5 W h kg− 1 at 800 cycles for 
batteries and 80.3 W h kg− 1 at 5000 cycles for hybrid capacitor, 
respectively. 

2. Results and discussion 

2.1. Material characterization 

The schematic illustration of the synthesis of pristine Cu3PS4 nano-
particles by high-energy ball milling was shown (Fig. 1a). We performed 
a two-step high-speed ball milling, firstly, Cu particles, P2S5, and sulfur 
powders were mixed in a zirconia jar with a stoichiometrically molar 
ratio of 6:1:3, the first ball milling is carried out in the state without 
oxygen, and the elements are forced to bond with extremely high en-
ergy. The second step ball milling not only coats the graphite evenly on 
the periphery of pristine Cu3PS4, but also grind the powder finely at high 
rotational speed so that it can be applied to the electrode material. The 
crystal structure of the as-synthesized pristine Cu3PS4 was analyzed by 
XRD (Fig. 1b), showing all the diffraction peaks of pristine Cu3PS4 
consistent with the Rietveld refined results corresponding to the Pmn21 
[31] space group, indexed to an orthorhombic crystal system. Given the 
fitting curves, no other peaks were observed except for the index, and 
the obtained lattice parameter of Cu3PS4 is identical to the theoretical 
value. Furthermore, the XRD pattern of Cu3PS4/G are shown (Fig. S1b). 
It is clear that Cu3PS4/G coated with layered graphite shows an obvious 
peak of graphite at the position where the 2 theta is 20.8◦, indicating 
that the graphite and pristine Cu3PS4 form a uniform composite. The 
morphology of the as-prepared Cu3PS4/G is observed by scanning 
electron microscope (SEM) (Fig. 1c). It can be seen that the size of the 
nanoparticles of Cu3PS4/G ranges from 50 nm to 1 μm, and due to the 
high energy ball milling, the nanoparticle size of Cu3PS4/G with a non- 
fixed shape and larger aggregates can be observed in the SEM images. 
Local analysis of Cu3PS4/G by transmission electron microscopy (TEM) 
(Fig. 1d) revealed that the outermost layered graphite uniformly covers 
the material, maintaining the stability of the structure by forming a 
uniform complex. In addition, the selected area electron diffraction 
(SAED) (Fig. 1e) shows three ring patterns corresponding to (232), 
(213), (423) crystal planes, which is consistent with the diffraction 
peaks of the XRD result. The high-resolution TEM image of Cu3PS4/G 
was demonstrated (Fig. 1f), indicating the d-spacing of planes (210) and 
(002) with a corresponding lattice spacings of 0.315 nm and 0.304 nm, 
respectively. The white illustrated frame elucidates the boundary where 
the Cu3PS4/G nanoparticles are uniformly covered by the graphite layer. 
In addition, we used X-ray energy dispersive elemental analysis (EDS) to 
analyze the nanoparticles captured by TEM. It can be seen that the three 
elements of copper, phosphorus and sulfur are uniformly distributed in 
the field (Fig. 1g). Among them, the signal intensities of copper and 
sulfur are similar, obviously more than that of phosphorus, consistent 
with the molar ratio of the elements contained in the Cu3PS4/G com-
pound. Another area of the morphology of Cu3PS4/G nanocomposite 
(Fig. 1h) shows Cu3PS4/G covered by layer graphite uniformly as well. 
The d-spacing index demonstrates crystal plane of (002) and (211) with 
d-spacing of 0.304 nm and 0.28 nm, respectively (Fig. 1i). The XPS 
spectra were also used to qualitatively analyze the valence states of el-
ements in Cu3PS4. The C orbital of Cu3PS4/G, and the C–C bond and 
C–P bond can be corresponded with the graphite coating (Fig. S3), 
while the peaks at binding energies 952.5 eV and 932.5 eV are mainly 
attributed to Cu 2p1/2 and Cu 2p3/2, from Cu-P and Cu-S bonds, 
respectively (Fig. 1j). Furthermore, the binding energies at 134.3 eV and 
135.3 eV correspond to the splitting of the P 2p core orbital, distin-
guished as P–C bond and P–S bond originating from the graphite and 
pristine Cu3PS4 (Fig. 1k). From the result, it is evident that graphite may 
form a chemical bonding with pristine Cu3PS4, attributed to the high- 
energy ball milling process. In the spectrum of S 2p (Fig. 1l), charac-
teristic peaks at 168.6 and 161.9 eV can be considered as SOx and S 2p3/ 

2. 

2.2. Electrochemical tests and analysis 

We evaluate the electrochemical performance of Cu3PS4/G 
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Fig. 1. Material characterization of Cu3PS4/G. (a) Schematic illustration of the high energy ball milling synthetic process. (b) Powder XRD for refinement spectra 
with crystal structure. (c) SEM images at high magnification. (d, h) TEM images. The inset specifies the proposed region coated with layer graphite. (e) SAED ring 
pattern. (f, i). 

Fig. 2. Electrochemical performance test. (a) Cycling performance at 50 mA g− 1, and the theoretical capacity of Cu3PS4/G to compare the difference with the result. 
(b) dQ/dV curves at the first three cycles. (c) Galvanostatic charge–discharge curves of Cu3PS4/G at 1st, 50th, and 100th cycle. (d) The segmentation of the gal-
vanostatic charge–discharge curves at 50th and 100th cycle. (e) Rate performance of Cu3PS4/G and CuS/G at eight current densities. (f) Rate performance serving as 
charging-discharging profile for Cu3PS4/G. (g) The bar chart of the calculated capacity contribution at various stage of the QV curves. (h) Long-term cycling per-
formance of Cu3PS4/G at 500 mA g− 1. (i) Radar chart of the comparison of recent ternary metal sulfides applied in PIBs. 
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composite by assembling a coin-type half-cell tested at voltage ranging 
from 0.01 V ~ 3 V. In general, the reversible specific capacity directly 
reflects the utilization efficiency of the conversion products, i.e., KP and 
K2S, while the cycle life shows how the electrode suppresses the redox 
shuttle effect induced by the chalcogenide electrode. The galvanostatic 
charge–discharge curves of pure graphite is shown (Fig. S4), and the 
result confirms that graphite may render a reversible capacity of 107 
mA h g− 1, which is 38 % of its theoretical capacity. Therefore, based on 
the proportion of graphite to the Cu3PS4, graphite provides a capacity of 
approximately 30 mA h g− 1 to the Cu3PS4/G electrode. Therefore, layer 
graphite may not significantly influence the reversible capacity of 
Cu3PS4, but decrease the overall resistance of the electrodes during 
chemical reaction. Furthermore, it provides effective activation and 
protection to Cu3PS4, allowing a stabler charge–discharge process. In 
addition, the CV curves of Cu3PS4/G at the scan rate of 0.1 mV s− 1 is 
exhibited (Fig. S5). The result suggests that Cu3PS4/G electrode undergo 
reversible chemical reaction due to the overlap of curves. Except for the 
obvious difference at 1st cycle because of SEI formation, the result 
proves the excellent reversibility of the material. The cyclic performance 
of Cu3PS4 /G at low current density (50 mA g− 1) is demonstrated 
(Fig. 2a). It shows that the electrode obtains 69 % of the initial 
Coulombic efficiency, and delivers the highest capacity of 649.3 mA h g 
− 1 at the 60th cycle, and maintains 617.8 mA h g− 1 at 100 cycles. 
Notably, the reversible capacity reaches 94.4 % of the theoretical ca-
pacity (687.3 mA h g− 1) at 60 cycles, and is still as high as 90.0 % at 100 
cycles. In order to analyze how the internal chemical reaction contrib-
utes to such a high reversible capacity, we plot a dQ/dV diagram of the 
galvanostatic charge–discharge curves in the first three cycle (Fig. 2b). 
First, there is a large peak difference around 1.48 V in the first cycle, 
which can be attributed to the growth of the solid electrolyte interface 
(SEI) resulted from irreversible reaction. Furthermore, the three curves 
are overlapped visibly at 0.77 V, we deduced that the first conversion 
reaction occurred at this potential, which may be the conversion of 
Cu3PS4/G into K2S4 and K2S3, while the peak at 0.14 V can be attributed 
to the formation of KP[58]. During the charging process, the plateau 
positions where the electricity is mainly contributed are 0.34 V, 1.87 V, 
and 2.19 V. Among them, 0.34 V and 1.87 V are known from the ref-
erences as the intercalation of carbon and conversion reaction of phos-
phorus[59], and 2.19 V is the conversion reaction of sulfur, both of 
which are reversible reactions. Furthermore, as can be seen from the 
height of the curve, the electrical contribution of phosphorus is greater 
than that of sulfur because it has a more pronounced redox reaction. 
Apart from the difference in the first cycle due to unfavored side re-
actions, the good reversibility of the electrode is from the degree of 
superposition owing to the overlap of the curves. In order to show that 
the plateau is still obvious after many cycles, we plot the char-
ge–discharge curves in 50th and 100th cycle and compare them with the 
1st cycle (Fig. 2c). Except for the irreversible side reactions in the first 
cycle and the formation of the SEI film, the locations of the platforms are 
similar. If the specific potential interval is enlarged and viewed (Fig. 2d), 
the charge–discharge curves of the 50th and 100th cycles can be divided 
into two main platforms, corresponding to the multiple conversion re-
actions of S and P, respectively. The degree of superposition shows that 
the electrode has almost no overpotential, indicating that the charge 
transfer resistance (Rct) is small during the phase transition. We also 
tested the rate capability of the electrodes at current densities ranged 
from 0.05 to 8 A g− 1 (Fig. 2e). The reversible capacity of Cu3PS4/G are 
563, 468, 416, 365, 301, 231, 167, and 90 mA h g− 1, at 50, 100, 250, 
500, 1000, 2000, 4000, 8000 mA g− 1, respectively. After the current 
density is restored to 50 mA g− 1, the capacity can still be maintained 
570.2 mA h g− 1, showing good retention after high rate. Furthermore, 
the pristine Cu3PS4 and CuS both perform poor by applying rate capa-
bility test (Fig. S6). The charge capacity of Cu3PS4 decay at 0.05 mA g− 1, 
which shows that it cannot be fully charged and discharged even at a low 
current density. On the other hand, although CuS can react stably, its 
capacity is only 81.5, 46.6, 31.1, 18.4, 8.9, 4.7, 4.1, 2.4 mA h g− 1 at 

0.05, 0.1, 0.25, 0.5, 1, 2, 4, 8 A g− 1, respectively, and the low capacity 
shows that pure CuS and CuS/G cannot withstand high current densities. 
The charge–discharge curve of rate performance shows obvious plateau 
at high current density with low overpotential (Fig. 2f), indicating good 
reaction kinetics and stable diffusion ability of potassium ions. We 
divide the charge–discharge curve of rate performance into three main 
stages to analyze the degree of capacitance contributed by the conver-
sion reaction respectively (Fig. 2g). The conversion reaction of phos-
phorus corresponded to stage I, and the conversion reaction of sulfur 
(KxSy) at stage II contributed the capacitance value. As for stage III, it 
consists of carbon intercalation and conversion reaction. The result 
shows that stage I provide the most percentage of capacity of about 40 
%, while stage II contributes for about 30 % of the capacity. The bar 
further confirms that the reversible capacity is mostly contributed 
through the conversion reaction. As a result, we believe that more redox 
active sites are ionic and electronically continuous diffusion paths, 
contributing to the enhanced storage capacity of potassium ions and 
their migration in the electrode. Finally, we tested the long-term test at 
0.5 A g− 1 (Fig. 2h), showing that Cu3PS4 /G can still deliver a reversible 
capacity of about 180 mA h g− 1 with an average Coulombic efficiency of 
99.97 % for over 3000 cycles. The high Coulombic efficiency is attrib-
uted to the surface treatment of the structure and the uniform contact 
with electrolyte [60]. On the contrary, the binary CuS and the CuS/G 
exhibited poor cycling performance as their reversible capacity dropped 
to below 60 mA h g− 1 after 100 cycles, with 98.55831 % of the average 
Coulombic efficiency at 100 cycle. In addition, CuS and the CuS/G 
present poor behaviors by applying different electrolyte (Fig. S7), indi-
cating the inferior compatibility of the electrolyte and the material. The 
above results conclude that Cu3PS4/G has outstanding performance in 
both long-term cycle test and low-rate capability. As a result, we illus-
trate the radar chart of recent research of ternary metal sulfides in 
potassium-ion battery [61–68]. The electrochemical performance com-
parison of Cu3PS4/G and other ternary metal sulfides is demonstrated 
(Fig. 2i), including low-rate specific capacity (SCL), capacity retention 
(CR), initial Coulombic efficiency (ICE), long term cycle number, and 
high current density applied during rate performance test. As shown 
from the radar chart, this work obtained the largest area after comparing 
the five precise indicators. Aside from a leading performance of low-rate 
specific capacity, Cu3PS4/G anode exhibits a high initial Coulombic ef-
ficiency and shows its stability of rate capability at the highest current 
density. This result shows the appreciable electrochemical performance 
in many aspects among ternary metal sulfides through overcoming the 
redox shuttle effect and poor kinetic behavior. 

2.3. Reaction mechanism of Cu3PS4/G 

We analyze the crystal structure of the charge/discharge product at 
various voltages (Fig. 3a). When the electrode was discharged from the 
open-circuit voltage to 1.5 V, the first-step conversion reaction of 
Cu3PS4/G was initiated. We found that the diffraction peaks of the 
original material disappeared, and the peaks of KP (PDF #04–003- 
7018), K2S4 (PDF #00–030-0992) and K2S3 (PDF #04–007-0574) were 
located at the positions of 30.8◦, 37.6◦, and 54.4◦, respectively, and their 
corresponded crystal planes were (112) and (332). As the potassium 
ions constantly inserted into the electrode, the voltage dropped to 0.01 
V, i.e., the fully-inserted state. It can be observed that the diffraction 
peak of KP is larger, and the phase of the first conversion reaction also 
disappears, confirming that KP is the final reduction product. Then, 
when the electrode was charged to 2 V, the first-step reversal reaction 
occurred. First, the diffraction peak of KP at 30.8◦ became significantly 
wider and smaller, and the peak of K2S3 appeared, indicating that the KP 
reversal conversion product formed. Finally, when the voltage reaches 3 
V, only the switching phase of K2S3 and K2S4 can be observed, so we 
infer that this is a reversible switching reaction. For some phases with 
poor crystallinity, we applied XPS and Raman for qualitative analysis. 
The ex-situ Raman spectra at discharge state and charge state is 
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exhibited respectively (Fig. 3b). A peak of K2Sx appears at 270 cm− 1 of 
Raman shift, and the 450 cm− 1 peak when discharging to 0.01 V can be 
referred to K2S. While the electrode charge back to 1.5 V, the reversible 
conversion reaction occurs, showing similar peak compared with the 
discharge curve. As a result, K2S is being deduced also as a final product 
of the conversion reaction. To further elucidate the perspective, we used 
ex-situ XPS to see the valence state of electrode (Fig. 3c–e). The binding 
energies of 932.5 eV and 952.5 eV correspond to 0-valent copper and 1- 
valent copper (Fig. 3c), confirming the exsolution of copper [69]. In 
addition, it shows that the state of complete de-potassiation of mono-
valent copper and zero-valent copper still exists at the electrode, which 
confirms the inference of reversible conversion reaction. The phosphate 
formed at the binding energy of 132 eV may be KP phase (Fig. 3d). 
Moreover, thiosulfate generated at the binding energy of 167.5 eV and 

171.5 eV for charging and discharging, respectively; and the peak at the 
binding energy of 161.5 eV is indexed to the phase state of K2S (Fig. 3e). 
Finally, we demonstrate the crystal structure of the corresponding phase 
during charge–discharge process (Fig. 3f). It is evident of a reversible 
conversion reaction occurred after the 1st discharge. 

To further elucidate the phase evaluation during reaction mecha-
nism, we examine the fully charged (3 V) and discharged products (0.01 
V). First, the visual topography uniformly wrapped by layered graphite 
at a fully discharged state is shown (Fig. 4a), indicating that the struc-
ture remains intact after complete chemical reaction. The SAED pattern 
can be assigned to (103) and (013) facets of KP, and (111) facet of Cu 
phase, consistent with the ex-situ XRD and ex-situ XPS results (Fig. 4b). 
The HRTEM image (Fig. 4c) clearly demonstrate the products of the 
conversion reaction after potassium ion insertion, agreeing with the 

Fig. 3. Ex-situ analysis of the reaction mechanism of Cu3PS4. (a) Ex-situ XRD pattern at various stages of discharge(A-C)-charge(D-G) and the corresponding T-V 
curves. (b) Ex-situ Raman spectra at various stages of charge–discharge reactions. (c-e) Ex-situ XPS spectra at fully-discharged (0.01 V) and charged (3 V) state of Cu 
2p, P 2p, S 2p orbital. (f) Schematic illustration of the multiple reaction mechanism of Cu3PS4/G. The crystal structure displays the reaction product at different stage. 
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results of ex-situ XRD and XPS. At d-spacings of 0.263 nm and 0.318 nm, 
the lattice fringes of the conversion product can be assigned to the (220) 
plane of K2S and the (021) plane of KP. In addition, the d-spacing of 
2.09 Å can correspond to the (111) plane of Cu, confirming the exis-
tence of the reduction reaction of 0-valent copper. Furthermore, the 
fringe can be separated into adhesive junction, implying a tight contact 
among various phases. On the other hand, during the charging process, 
the low-magnification TEM image (Fig. 4d) shows that the electrode 
material formed a composite uniformly coated layered structure with a 
bulk-like morphology aggregated in the center. The SAED pattern 
(Fig. 4e) shows three distinct diffraction rings, corresponding to Cu 
(111), K2S (200), K2S3 (200), respectively. The lattice fringe spacing of 
the reversibly transformed phase is shown (Fig. 4f), and their interplanar 
spacing is 0.278, 0.255, 0.209, and 0.29 nm, which corresponds to the 
crystal plane of K2S3 (221), K2S4 (220), Cu (111), and KP (113), 
respectively. In addition, the corresponding databases of K2S, K2S3, KP 
and Cu have been attached in the supplementary information. It is worth 
mentioning that for Cu3PS4/G, in the reversible conversion reaction, the 
precipitation of copper is important and reasonable: in addition to 
allowing the electrode material to form a uniform composite, it can also 
improve the conductivity of the overall electrode. Finally, the HAADF 
image and EDS mapping results of Cu3PS4/G discharged to 0.01 V are 
shown (Fig. 4g), indicating the presence of copper, phosphorus, sulfur, 
and potassium without phase separation. By integrating the results of 
XRD, XPS, Raman spectra and TEM, we propose the following integrated 
equation: 

Reduction.  

Stage I: Cu3PS4 + 3 K+ + 3 e− →KP + 3 Cu + K2S4 + SEI formation (~1.5 V)  

K2S4 + 2 K+ + 2e− →4 K2S3                                                                  

Stage II: K2S3 + 4 K+ + 4 e− →3 K2S (~0.01 V)                                      

Oxidation  

Stage III: 3 K2S → K2S3 + 4 K+ + 4 e− (~2 V)                                          

Stage IV: 4 K2S3 → 3 K2S4 + 2 K+ + 2 e− (~3 V)                                    

Finally, we exhibit the overall reaction path accompanied with the 
corresponding structure (Fig. 4h). During the potassiation process, a 
junction formed tightly and different discharge phases adhere with the 
other phases. Moreover, the reversible conversion reaction allows the 
existence of junction and the stable graphite layer prevent the collapse 
of structure. 

2.4. Kinetic analysis of Cu3PS4/G 

The excellent K+ storage capacity and long-term cycling perfor-
mance of Cu3PS4/G may be related to the pseudo-capacitance and 
diffusion behaviors at different rates. We measured and calculated its 
pseudocapacitive contribution by cyclic voltammetry (CV) at different 
scan rates, varied from 0.1 mV s− 1 to 0.9 mV s− 1 (Fig. 5a). The curves 
have similar shapes and trends, indicating that the electrochemical 
process in the electrode is rapid and reversible, with no obvious phase 
transition. To determine whether the current is dominated by surface 
reaction or diffusion reaction can be judged by the following formula: 

ip = avb(b = 0.5 ∼ 1.0) (1) 

where a and b are power-law variables, ip corresponds to the peak 
current, and v is the scan rate. In addition, the b value is relatively more 

Fig. 4. Ex-situ TEM at fully potassiated (0.01 V) and de-potassiated (3 V) state of Cu3PS4/G. (a-c) TEM image, SAED pattern, and HRTEM image of Cu3PS4/G at 0.01 
V. The yellow region insets in HRTEM display multiple junctions of the discharge product. (d-f) TEM image, SAED pattern, and HRTEM image of Cu3PS4/G at 3 V. 
The yellow region insets display multiple junctions of the charge product. (g) EDS mapping obtained at 0.01 V, showing the distribution of copper, phosphorus, 
sulfur, and potassium elements. (h) Schematic illustration of the morphological structure view during potassium ion insertion/extraction. 
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important in this formulasince after taking the logarithm, the slope b 
value shows the kinetic contribution of the electrode surface. By taking 
the main peaks of the cathode and anode, their corresponding slope b 
values can be calculated to be 0.88 and 0.81, respectively (Fig. 5b). 
Therefore, we further use CV plots of different scan rates to quantify the 
contribution of the capacitive effect to the electrode as the diffusion 
control of potassium ion insertion or the contribution of the double layer 
capacitance. We use the relational equation for the calculation: 

i = k1v+ k2v0.5 (2)  

i/v0.5 = k1v0.5 + k2 (3) 

Among them, k1v of formula (2) represents the non-faraday reaction, 
while k1v0.5 represents the faraday reaction. By calculating the slope of 
k1 and the intercept of k2 and doing linear fitting, the main peak is the 
capacitive contribution of the reaction current at constant potential and 
the diffusion contribution. The capacitance contributions at different 

scan rates are shown (Fig. 5c), and the results show that the capacitance 
contributions from 0.1 mV s− 1 to 0.9 mV s− 1 are 25.6, 29.7, 33.9, 39.5, 
and 49.9 %, respectively. On the other hand, the CuS/G electrode is 
dominated by capacitive control; its capacitance contribution ratio 
corresponded to the CV curves at different scan rate (Fig. S8) is 45.5, 
53.3, 60.2, 61.7, 64.9 %, respectively. Additionally, Cu3PS4/G also 
shows an 81.9 % capacitive control ratio at 0.5 mV s− 1 (Fig. S9), 
explaining that layer graphite act as a superior electronic channel for 
potassium ion diffusion. In spite of a high contribution ratio, the Cu3PS4/ 
G electrode fails to reach good reversibility at high current density due 
to poor diffusivity. The closed region of the CV curve fit at 0.9 mV s− 1 is 
shown (Fig. 5d), the percentage of the enclosed area relative to the total 
area is 49.9 %, suggesting capacitance-controlled current is smaller than 
the surface-diffusion-controlled current, so that the kinetic reaction of 
the electrode is dominated by the diffusion-controlled current. Accord-
ing to the recent reports, electrodes are more likely to lose capacitance 
due to diffusion, and electrodes tend to contribute more to capacitance 

Fig. 5. Kinetic performance and potassium ion diffusion experiment of Cu3PS4/G. (a) CV curves at various scan rates. (b) Linear fitting profiles of log (i, peak current) 
vs log (v, scan rate). (c) Capacitance contribution of CuS/G and Cu3PS4/G. (d) The integral area of Cu3PS4/G displaying the potassium ion diffusion-controlled 
contribution at 0.9 mV s− 1. (e) GITT curves of CuS/G and Cu3PS4/G at 50 mA g− 1. (f) The diffusion coefficient calculated from the obtained GITT results. (h) 
DFT calculation of potassium ion diffusion energy barrier of CuS/G and Cu3PS4/G. (i) The top view and side view of electron–ion diffusion through ionic channel in 
orthorhombic Cu3PS4/G crystal structure. 
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at high current densities. However, high diffusion coefficient may allow 
potassium-ions to diffuse efficiently in the system, as a result, we utilize 
galvanostatic static intermittent titration (GITT) to further provide 
diffusion coefficients. The diffusion coefficient of GITT can be obtained 
from its curve and calculated by the following formula: 

D+
K = 4/(πτ)L2((ΔEs)/(ΔEt) )

2 (4)  

where τ, ΔEs, ΔEt, and L are denoted as the current pulse time (s), the 
constant voltage change induced by the current pulse, the potential 
change in the steady-state current pulse, and the electrode thickness, 
respectively. The GITT curve of Cu3PS4/G and CuS/G at a relaxation 
time of 20 min is shown (Fig. 5e), while the calculated diffusion coef-
ficient value is shown (Fig. 5f). The diffusion coefficient is between 10− 9 

and 10− 11, and is closer to 10− 10 (cm2 s-1), which is higher than the 
value of CuS. In addition, the decrease in diffusion coefficient during 
potassium intercalation can be attributed to the influx of bulk potassium 
ions, resulting in structural expansion. Even so, Cu3PS4/G exhibits 
excellent diffusion behavior, corresponding to previous capacitive 
contribution tests, explaining how the electrode retains reversible 
capacitance under diffusion control and exhibits outstanding rate 
capability. In order to gain insight into how the reaction kinetics of 
potassium-ions in the electrode-material interface affects ion diffusion, 
we carried out density functional theory (DFT) calculations to study the 
K+ storage capacity and the internal energy barrier coefficient. First, the 
construction models of Cu3PS4/G and CuS/G are shown (Fig. 5g). It is 
worth mentioning that these models all calculate similar total energies, 
indicating relative stability in the natural state. In addition, we select the 
(220) crystal plane observed by HRTEM, constructed a potassium ion 
transport channel, and simulated its possible diffusion pathway, and 
calculated the associated migration energy. We can find that the 
Cu3PS4/G has a lower site energy of 1.2 eV than that of CuS/G, which is 
approximately 0.5 eV in diffusion pathway, proving that the Cu3PS4/G 
possesses a faster ion diffusion due to low energy barrier especially at the 
surface, which is also coherent to the results measured by GITT. The 
above result may also be corresponded with the diffusivity of binary 
CuS/G and ternary Cu3PS4/G, demonstrating the advantage of Cu3PS4/G 
during chemical reaction, so that Cu3PS4/G is able to perform a better 
electrochemical performance than CuS/G. Finally, the resistance of the 
electrode is reduced and the capacitance value of the diffusion loss can 
be compensated. To confirm this inference, we used ex-situ electro-
chemical impedance spectroscopy (EIS) to measure the resistance 
change of Cu3PS4/G before electrochemical reaction. Before cycling, the 
Rct of Cu3PS4/G is significantly large, about 4000 Ohm (Fig. S10). 
Furthermore, we used the in situ electrochemical impedance spectros-
copy to test the continuous variation of Rct value of Cu3PS4/G (Fig. 5h). 
The above results shows that the barriers to charge transfer and diffusion 
of Cu3PS4/G are extensively reduced during potassiation/de- 
potassiation. When discharging from OCV to 1.75 V, the Rct value of 
the electrode is large and continues to rise when discharging to 1.25 V 
due to the formation of the SEI layer and the irreversible conversion 
reaction; however, when the electrode is fully discharged (0.01 V), its 
Rct is reduced to about 500 O again. To image the above-mentioned 
results and understand the fast diffusion during charge–discharge pro-
cess, we illustrate the Cu3PS4/G crystal structure in various angle. The 
top view and the side view of the potassium ion diffusion pathway are 
proposed (Fig. 5i). The large potassium ions are able to mobile through 
the crystal, and the layer graphite provides an electronic channel for 
electrons and ions since more active sites enhance redox reaction pro-
cess. Therefore, the electrodes can sustain at a high current density, 
behave a superior potassium ion storage, and reduce the hinderance of 
the structure during chemical reaction. 

2.5. Potassium polysulfides adsorption experiment 

We conducted a chemical adsorption method to show the intense 

entrapment effect of pristine Cu3PS4, CuS (Fig. S11), Cu3PS4/G, and 
CuS/G composite toward potassium polysulfides. The experiments were 
executed by adding 30 mg K2S to 5 ml DMC solution, and after a well 
dispersion, 40 mg of the testing material was added separately to start a 
4-hour suspension (Fig. 6a). It is obvious that after 4 hours, the color of 
K2S contained electrolyte with Cu3PS4/G and pristine Cu3PS4 trans-
formed from light yellow to pure solution, whereas CuS/G has incon-
spicuous color difference compared with the original state. Thus, the 
result implies that Cu3PS4/G performs a stronger interaction with po-
tassium poly-sulfates, while CuS/G composite exhibited ineffective 
entrapment effect. Moreover, we constructed various polysulfides (K2Sy) 
and simulated the adsorption energies of the two materials for these 
polysulfides. The simulation result in a bar chart is demonstrated 
(Fig. 6b), and the adsorption energies of Cu3PS4/G to polysulfides are 
smaller than the value of CuS/G (Fig. 6c). Although the adsorption en-
ergy of Cu3PS4/G is not as high as that of CuS/G, in a typical chemical 
reaction, K2Sx experience the de-sulfurization steps, which are all 
elementary reactions, while the active material serves as active sites to 
accelerate the decomposition of K2Sx. As a result, the adsorption energy 
should maintain in a certain range of value without over-fluctuating to 
enable the electrode to react effectively. In this case, the utilization of 
sulfur can be enhanced during phase transformation, and thus improve 
the electrochemical performance. 

2.6. In-depth discussion between the electrochemical result and analysis 

Therefore, Cu3PS4/G has an unique kinetic behavior and the special 
material science during chemical reaction. During the charge and 
discharge process of the battery, ions and electrons will participate in 
chemical reactions in multiple diffusion paths that are beneficial to each 
other. From the results provided by DFT, we conclude that the material 
has good rate capability due to its excellent potassium ion diffusivity, 
which can effectively transfer charges even at very high current den-
sities. In addition, we can infer that Cu3PS4/G not only can absorb 
polysulfides but also prevent them from dissolving in the liquid elec-
trolyte. The Cu3PS4/G has a relatively stable chemical reaction to enable 
the material to capture the polysulfides generated during charge/ 
discharge process and expand the utilization efficiency of K2Sx, guar-
anteeing an ultra-stable electrode during cycling process. During the 
charge and discharge process, ions and electrons will participate in 
chemical reactions in multiple diffusion paths that are beneficial to each 
other. Through the effective diffusion paths simulated by DFT calcula-
tions, it is known that the formation of Cu3PS4/G along the diffusion 
pathway of the z-axis of the intersecting structure has the lowest diffu-
sion energy barrier. Moreover, it has been suggested that more syner-
gistic elements in the ternary material can provide a better ion exchange 
mechanism in the process of potassiation/de-potassiation of potassium 
ions, and increase different active sites, thereby enhancing the chemical 
reaction rate. Based on the above theoretical and experimental results, it 
can be concluded that potassium ions have outstanding diffusion ability 
in Cu3PS4/G anode compared with CuS, and the ratio of diffusion to 
capacitance contribution at high scan rate is close to 1:1, still possessing 
excellent rate performance. Despite that several studies related to the 
material based on diffusion control have demonstrated instability and 
capacitance loss at high current densities since the electrode may act as a 
capacitor and dominated by capacitive. However, due to the operation 
of the synergistic ion exchange mechanism and the open channels pro-
vided by orthorhombic Cu3PS4, it is possible to exhibit a fast Faradaic 
charge transfer process and excellent ion diffusion performance. Even at 
high current densities, the Cu3PS4 electrodes still maintain stable 
reversible reactions, which is rare in cases of diffusion-controlled based 
pseudocapacitive contributions. In addition, the diffusion coefficient of 
Cu3PS4 is one order of magnitude larger than that of CuS, which is 10− 9 

cm2 s− 1, and the diffusion energy barrier in each direction is much lower 
than that of CuS. These results enable the electrode to provide excellent 
charge storage performance and ion–electron transfer. By creating an 
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optimal tunnel for ion and electron passage, large potassium ions can 
mobile rapidly in the structure to improve sluggish kinetics that often 
occurs in metal sulfides and accumulates electrons on the surface of the 
structure, resulting in a more excellent surface charge effect. Cu3PS4 not 
only provides a larger ionic contact area than binary CuS, but also in-
creases the redox active sites in electrochemical reactions. The low 
resistance and diffusion energy barrier make the electrode perform 
better in long-term cycle test, rate performance, and even promotes 
energy density in potassium ion battery full-cell and potassium ion 
hybrid capacitor applications. This reveals Cu3PS4 a superior electronic 
channel that optimizes the electrochemical performance of materials, 
utilizes a fast ion-exchange mechanism to boost the performance of 
metal sulfides in PIB systems, and provides new insights into all mate-
rials whose pseudocapacitive behavior is diffusion-controlled. 

2.7. Potassium-ion full battery and hybrid capacitor 

Based on the excellent electrochemical performance of Cu3PS4/G in 

half cells and its superior diffusivity ameliorating the redox shuttle effect 
which often occurs in chalcogenide electrodes, we combined it with the 
common cathode materials in potassium ion energy storage systems to 
assemble PIBs full coin cell. Due to the high oxidation potential of the 
conversion product K2S, some cathode materials such as PTCDA [70], 
KVPO4F [71] cannot meet the working voltage exceeding 3.5 V; as a 
result, Prussian analogs with high working voltage and stable capaci-
tance such as KFeHCF [72,73], KMnHCF [74] and KNiHCF [75] are used 
a lot in recent studies. The schematic diagram of the reaction of the 
potassium ion full battery system is shown (Fig. 7a), in which the 
Prussian blue synthesized through the precipitation method which has a 
stable spinel structure, and can stably receive potassium ions diffused 
from the negative electrode. The SEM images and XRD pattern are 
shown (Fig. S12 – Fig. S13), respectively, which proves that Prussian 
blue corresponded to the database can be confirmed. The CV curves of 
the Cu3PS4/G//KFeHCF full cell are plotted at a scan rate of 0.1 mV s− 1 

(Fig. 7b), and it can be seen that there is an oxidation reaction at the first 
charge near 3.85 V, which is the solid-electrolyte interface film 

Fig. 6. Potassium polysulfides adsorption experiment. (a) Chemical adsorption method performed by CuS/G and Cu3PS4/G for four-hour suspension. (b) The 
corresponding adsorption energy of CuS/G and Cu3PS4/G plotted corresponded with the DFT calculation result. (c) Crystal model of the potassium polysulfides 
adsorption of CuS/G and Cu3PS4/G with their adsorption energy. 
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formation. After the second lap, the CV curves are all well-overlapped, 
showing the high reversibility of the chemical reaction, and the redox 
reaction of the conversion in the anode provides a lot of specific ca-
pacity. In addition, we also measured the rate performance of the 
Cu3PS4/G//KFeHCF full cell (Fig. 7d) at 30, 75, 120, 150, 300, 450, 750 
mA g− 1, providing capacities of 58, 39, 37, 30, 27, 25, 20 mA h g− 1, 
respectively. The discharge capacity loss in each interval is about 5–10 
%. When the current density returned to 75 mA g− 1, Cu3PS4/G// 
KFeHCF still had a discharge capacity of 42.5 mA h g− 1. Even at high 
current densities, there would be a slight overpotential shift, resulting in 
a plateau shift, the Cu3PS4/G and Prussian blue still exhibit excellent 
energy density, while the GCD curves plotted corresponded to the as- 
tested rate performance at various current densities are shown 
(Fig. 7e). Finally, our long-term cycle tests based on the total active 
material weight (Fig. 7f) illustrates that the full cell of PIBs of Cu3PS4/ 
G//KFeHCF can maintain a cycle life of 800 cycles at a current density of 
120 mA g− 1 and possess 57 mA h g− 1 of the reversible capacity. In 
addition, a fully charged (3.99 V) button-type full battery can be 
assembled and applied to a LED light demo as shown in the inset of 
Fig. 7f, which further proves the application potential of the full cell. 

Furthermore, we assembled a potassium-ion hybrid capacitor 
composed of a Cu3PS4/G anode and an activated carbon (AC) cathode. 
With the fast diffusion of potassium ions in the composites and excellent 
kinetic properties, the FSI-ions in the electrolyte can undergo a Faradaic 

reaction on the surface of the anode through electrochemical double- 
layer capacitance (EDLC), and then react on the activated carbon on 
the surface of the cathode by adsorption and desorption to obtain high 
energy density. Before assembling the PIHC, we preactivated the 
Cu3PS4/G of the anode for 20 cycles in order to activate the electrode, so 
that the interior of the material is inserted with potassium ions. 
Considering the decomposition of the electrolyte at high working 
voltage, we set the working range at 0.5–3.9 V. The GCD curve is shown 
(Fig. 8a), and the curve slightly forms a non-isosceles triangle from the 
ideal triangular shape, which is a reasonable platform displacement and 
also demonstrates the additional contribution of the pseudo-capacitance 
to the charge storage. The CV curves of PIHC exhibits a typical capaci-
tive behavior compared with the obvious redox peak in the half-cell due 
to the complete adsorption–desorption physical reaction (Fig. 8b), 
which also proves that no other side reactions occur at the working 
electrode. In addition, CV curves at various scan rates are shown 
(Fig. 8c) to perform the capacitance contribution. On the other hand, we 
tested the rate capability of PIHC, based on the total weight of Cu3PS4/G 
and active carbon (Fig. 8d), the energy density of 92, 85, 79, 73, 70, 69, 
63 W h kg− 1 at current densities of 0.1, 0.5, 1, 2, 3, 4, 5, 6 A g− 1, 
respectively. When the current density was restored to 0.1 A g− 1, the 
energy density of PIHC could still reach 89 W h kg− 1, showing its 
extraordinary reversibility. In addition, we compare the energy density 
and power density of PIHC of chalcogenide anodes in recent years 

Fig. 7. Potassium ion coin type full cell of Cu3PS4/G // PB. (a) Schematic illustration of the full cell operation. (b) CV curves of the full cell at 1st ~ 5th cycle. (c) QV 
curves of PB cathode, Cu3PS4/G anode and full cell. (d) Rate performance at seven different current densities. (e) GCD curves plotted corresponded to rate per-
formance. (f) Long-term cycling performance at 120 mA g− 1 and LED light demo. 
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through Ragone diagram (Fig. 8f). The long-term cycling performance of 
PIHC at 500 mA g− 1 is demonstrated (Fig. 8g), which provides an energy 
density of 80.3 W h kg− 1 for over 5000 cycles with 76 % energy density 
retention, and the battery was applied to LED light demo, showing its 
potential at energy storage device. Furthermore, we show that the 
Cu3PS4/G//AC performed an energy density of 57 W h kg− 1 at high 
current density (Fig. S15), and using 1 M KFSI in DMC as the electrolyte 
may be more stable for the hybrid capacitor system than choosing 4 M 
KFSI DME. Based on the outstanding potassium ion diffusivity and suf-
ficient potassium sulfide adsorption energy, the material has excellent 
performance in hybrid capacitors. 

3. Conclusion 

This study proposes an electrode with efficient potassium ion diffu-
sion to create a fast ionic channel during charge and discharge, sug-
gesting the synergistic effect of multi-elements in orthorhombic Cu3PS4/ 
G to promote the highly-reversible conversion reaction of elements to 
perform capacities>600 mA h g− 1. Compared with some materials 
whose capacitance contribution is dominated by surface reaction, 
Cu3PS4/G enhances charge transfer through fast ion–electron reaction 
channels, reduces electrode resistance, and increases the diffusion co-
efficient of potassium-ions by an order of magnitude, achieving 10− 9 

cm2 s− 1, and exhibits excellent rate performance that can withstand high 
current densities of 8 A g− 1. In addition, the lattice model of potassium 
ions during diffusion was simulated by the density functional theory, 

and the difference in the diffusion energy barrier of ternary and binary 
metal sulfides was compared by the results calculated by the energy 
barrier, and it was explained that effective adsorption energy of potas-
sium polysulfides, interactively verified the experimental results. During 
the potassiation–de-potassiation process, it forms a distinct and tight 
junction to illustrate the structure remains unchanged after charge and 
discharge, and generates a phase state that provides stable reversible 
capacitance. Finally, we successfully demonstrated that Cu3PS4/G have 
high energy density and Coulomb efficiency in hybrid capacitors and 
batteries, giving a proof-of-concept in new energy storage devices. This 
research not only brings a new perspective in the use of ternary metal 
sulfides in high-efficiency potassium ion electrode materials, but also 
solves the shuttle effect and sluggish kinetics that often occur in K-S 
batteries. 

4. Experimental section 

4.1. Chemicals and materials 

Commercial copper particles (less than425 µm, 99.5 % purity), 
phosphorus pentasulfides (>99 % purities), Copper sulfate pentahy-
drate, were purchased from Sigma-Aldrich. Sulfur powder (>99 % pu-
rities) was purchased from Alfa-Aesar. 

Fig. 8. Potassium ion coin type hybrid capacitor of Cu3PS4/G // AC. (a) Normalized GCD curves of the PIHC. (b) CV curves at 0.1 mV s− 1 at 1st ~ 5th cycle. (c) CV 
curves of PIHC at various scan rates. (d) Rate performance. (e) Normalized GCD curves plotted corresponded to rate capability. (f) Ragone plot of recent researches of 
PIHC. (g) Long-term cycling performance at 500 mA g− 1 and LED light demo. The inset displays the normalized GCD curves at 1000th, 2000th, and 3000th cycle. 
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4.2. Preparation of Cu3PS4 

In a typical synthesis process, 6 mmol of commercial copper parti-
cles, 1 mmol of P2S5, and 3 mmol of sulfur were ball-milled in a plane-
tary jar containing 4 zirconium balls for 24 h at 400 rpm. For the use of 
ball mill, the ball to powder weight ratio was set to 5: 1. 

4.3. Preparation of Cu3PS4/G composites 

The Cu3PS4/G composites were synthesized by adding 100 mg the as- 
synthesized Cu3PS4 powder and 30 mg graphite in a zirconium jar, and 
then ball mill for 12 h at 400 rpm. 

4.4. Synthesis of CuS nanoparticles 

The CuS nanowires were synthesized via a solvothermal method. 
Typically, 1 mmol copper pentasulfides and 2 mmol of thiourea powder 
were dissolved in 50 ml DI water. The solution was fully-mixed until it 
formed a clear solution, and the obtained solution was transferred into a 
Teflon-lined in an autoclave for 2 h. The black precipitation was cen-
trifugated by absolute ethanol for five times and dried at 80 for further 
use. 

4.5. Synthesis of CuS/G composites 

The CuS/G composite were prepared via a ball-milling process. First, 
100 mg of the as-synthesized CuS were added with 33 mg of graphite in a 
zirconia jar. Then 400 rpm ball-milling process was applied for 12 h. 

4.6. Synthesis of KxFe[Fe(CN)6]⋅ y H2O 

In a typical synthesis process, 5 mmol of FeCl2 4 H2O was dissolved in 
100 ml of DI water to be solution A, while 5 mmol of K4Fe(CN)63 H2O, 
10 mmol potassium citrate, and excess potassium chloride were dis-
solved in DI water to form solution B. Then, solution A was slowly added 
into solution B by precipitation method, and waited for a six-hour sus-
pension. After that, the product was centrifugated and washed for three 
times with a mixture of DI water, and finally dried at 80 ◦C in a CVD for 
2 h. 

4.7. Electrochemical characterization 

The Cu3PS4/G nano-composite electrodes were fabricated by mixing 
the active material (Cu3PS4/G, 70 wt%), super P (20 wt%), and sodium 
carboxymethyl cellulose (NaCMC, 10 wt%) in 0.5 ml de-ionized water to 
form a homogeneous slurry that has 9.5 % solid content. Then, the slurry 
was casted on the copper foil and dried at 80 ◦C under argon atmosphere 
for 90 min to remove residual water and excess solvent. Before coin cell 
assembly, the electrode is shaped to a circle with 12 mm diameter and 
densely pressed with a rolling machine. All coin cells were assembled in 
an argon-filled glove box. We used 1 M KFSI dissolved in 10 ml dimethyl 
carbonate (DMC) as the electrolyte for potassium-ion half coin cell, 
Finally, electrochemical performance of Cu3PS4/G is tested using New-
are series and VMP3 instrument. 

4.8. Computational section 

The present first principle DFT calculations are performed by Vienna 
Ab initio Simulation Package (VASP) [1] with the projector augmented 
wave (PAW) method [2]. The exchange-functional is treated by gener-
alized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) 
[3] functional. The energy cutoff for the plane wave basis expansion was 
set to 450 eV and the force on each atom less than 0.02 eV/Å was set for 
convergence criterion of geometry relaxation.15 Å vacuum was added 
along the z direction in order to avoid the interaction between periodic 
structures. The Brillouin zone integration are sampled by single Γ point 

for both CuS-graphite and Cu3PS4-graphite, respectively. The self- 
consistent calculations apply a convergence energy threshold of 10− 5 

eV. The DFT-D3 method was employed to consider the van der Waals 
interaction [4]. Transition state searching were calculated using the 
climbing-image nudged elastic band (CI-NEB) method [5]. The adsorp-
tion energy of K2Sx molecules were calculated according to. 

Eads = Etotal − Esub − Emol 

where Etotal is the total energy of the K2Sx adsorbed systems, Esub and 
Emol are the energies of the substrate and the isolated K2Sx molecule, 
respectively. 

4.9. Potassium-ion full cell of Cu3PS4 /G // KxFe[Fe(CN)6]⋅ y H2O 

The CR2032 potassium-ion coin type full cell was assembled by 
setting the cathode-to-anode overall mass ratio to be 5. Before full cell 
assembly, both anode and cathode were preactivated for 20 cycles and 
discharge to 0.01 V followed by constant voltage process to maintain the 
state of the electrodes. Then, 1 M KFSI in DMC was applied as electrolyte 
and the working window of the full cell was set between 1 V ~ 3.99 V. 

4.10. Potassium-ion hybrid capacitor of Cu3PS4 /G // AC 

The potassium-ion hybrid capacitor was assembled by using Cu3PS4/ 
G for anode and active carbon for cathode, with an overall mass ratio to 
be 1. Before the hybrid capacitor assembly, the anode was preactivated 
for 10 cycles and discharge to 0.01 V. Afterwards, we used 1 M KFSI in 
DMC as the electrolyte and set the working window of the hybrid 
capacitor between 0.5 V ~ 3.99 V. 
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