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A B S T R A C T   

Practical applications of conversion-type metal selenide electrodes in potassium ion batteries (PIBs) encounter 
multiple challenges, such as particle aggregation, the shuttle effect, and pulverization during cycling. We design 
a Janus heterostructure, namely CoSe2-FeSe2/graphite/N-doped carbon (CFS//g@NC), with dual hetero-
junctions (p-n and Schottky junction), which generates the synergistic effect to enhance interface charge storage 
and improve electrode structure integrity. When the Janus heterostructure is used as a PIB anode, it demonstrates 
high-rate performance up to 10 A/g, offering a capacity of 200 mA h g− 1 and excellent cycling stability of over 
2500 cycles at 0.5 A/g. According to the density functional theory (DFT) calculations, the diffusion barrier of K 
ions on CFS//g@NC is two times lower than that on CoSe2 or FeSe2. The distribution of n-type and p-type 
semiconductors in the Janus particles has been confirmed by quantitative assessment through dark-field electron 
microscopy. In addition to the p-n junction crossing two semiconductor interfaces, the Schottky junction between 
the graphite layer derived from Prussian blue analogues (PBA) and the semiconductor also creates a built-in 
electric field, thus enhancing ion/electron transport and increasing the diffusion of potassium ions. This work 
provides new insights into the architectural strategy of multi-layer heterointerfaces and offers a promising new 
pathway for anode design in PIBs.   

1. Introduction 

Rechargeable potassium ion batteries (PIBs) have attracted consid-
erable attention due to their abundant potassium resources, high energy 
density, rapid ion transport kinetics in electrolytes, and cost- 
effectiveness. The standard redox potential of K+/K (− 2.93 V) is 
higher than that of Li+/Li (− 3.04 V), paving the way for their utilization 
in practical full cells, which demand high working voltage and superior 
energy density [1,2]. The weak Lewis acidity of potassium ions facili-
tates their diffusion across a variety of electrolytes, thereby effectively 
reducing interfacial polarization between the electrolytes and elec-
trodes. However, challenges persist in the development and deployment 
of PIBs. The large atomic radius of potassium atoms results in substantial 
volume expansion during charge/discharge cycles, compromising the 
integrity of the electrode and causing a sharp decline in both specific 

capacity and energy density [3]. Moreover, potassium metal is more 
reactive than lithium metal, making it more prone to react with elec-
trolytes and form dendrites, resulting in poor electrochemical perfor-
mance and even posing significant safety hazards. Consequently, the 
rational design of electrode materials to achieve satisfactory electro-
chemical performance is a major challenge in the field of energy storage 
devices [4–7]. 

Presently, anodes in PIBs can be classified into three categories: 
intercalation, alloying, and conversion types [8]. Metal sulfides (MS) 
and metal selenides (MSe), both of which are involved in conversion and 
alloying reactions for PIB anodes, exhibit a higher theoretical capacity 
than graphite intercalation anodes [9,10]. Comparing the two, MSe 
demonstrates superior electronic conductivity. It has an electrical con-
ductivity of 1 × 10− 3 S m− 1, markedly higher than MS’s conductivity of 
5 × 10− 28 S m− 1 [11]. Consequently, MSe exhibits lower energy barriers 

* Corresponding author. 
E-mail address: hytuan@che.nthu.edu.tw (H.-Y. Tuan).  

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2023.145992 
Received 2 June 2023; Received in revised form 2 August 2023; Accepted 8 September 2023   

mailto:hytuan@che.nthu.edu.tw
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2023.145992
https://doi.org/10.1016/j.cej.2023.145992
https://doi.org/10.1016/j.cej.2023.145992
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2023.145992&domain=pdf


Chemical Engineering Journal 474 (2023) 145992

2

for ion diffusion compared to MS. MSe is notable for its weaker M− Se 
bonds compared to MS, which could potentially heighten its reaction 
activity [12]. Nevertheless, MSe encounters substantial hurdles, 
including severe pulverization owing to volume expansion and the 
shuttle effects that occur during charge and discharge cycles [13]. To 
address these issues, Liu et al. constructed dual phosphorus doped 
Fe3Se4/three-dimensional (3D) graphene anode for PIBs, which exhibits 
superior rate capability and long cycling lifespan due to the dual P 
doping interface and 3D graphene [14]. Lin et al. designed the double 
protection of C layer and graphene to buffer the huge volume variation 
of α-MnSe nanorods, further boost outstanding electrochemical perfor-
mance. These results show that the carbon layer can effectively relieve 
volume expansion of MSe [15]. 

Heterogeneous hybrid materials, due to their abundant boundary 
areas, can significantly reduce capacity decay for MSe anodes, com-
plementing carbon coating methods and the beneficial effects of syner-
gistic reactions. The confluence of different semiconductor types in 
heterostructures spontaneously generates an inherent built-in electric 
field at the interface, presenting a promising approach to influence 
electrochemical reactions. In recent years, heterostructure materials 
have seen diverse applications and developments, spanning fields from 
field-effect transistors (FETs) to photovoltaics. Effects originating from 
heterostructure interfaces result in performance characteristics that are 
distinct from those of the previously used materials. For instance, Lee 
et al. designed graphene (Gr)-bridged heterostructures for FETs with 
non-classical transfer characteristics, reducing the potential barrier be-
tween semiconductors via Gr-bridging [16]. Zhang et al. demonstrated 
that the absorption efficiency of near-infrared light in topological crys-
talline insulator heterostructures was enhanced and the separation of 
photogenerated carriers significantly facilitated through a built-in 
electric field, leading to the fabrication of a high-performance, self- 
driven photodetector [17]. On the other hand, Zhang et al. explored 
bromine vacancy defects in CsSnBr3/SnS2 heterostructures and identi-
fied a bandgap narrowing caused by interfacial electronic states, thereby 
enhancing the photovoltaic performance of CsSnBr3 [18]. Meanwhile, 
heterostructure materials have been extensively utilized in electro-
chemical energy storage due to their unique interfaces, robust struc-
tures, and synergistic effects. Constructed by coupling components with 
varying bandgaps, heterostructure materials, aided by the creation of 
interfacial internal electric fields, can expedite charge transfer and 
augment reaction kinetics during discharge/charge processes, thereby 
substantially enhancing rate performance and cycling performance 
[19–21]. Various types of heterostructures, including p-n junctions and 
Schottky junctions, have been examined for their impact on electro-
chemical performance. Hsieh et al. designed a 1D/2D van der Waals 
heterostructure with a p-n heterojunction, exhibiting high-rate capa-
bility and exceptional cycling stability in PIBs through crosslinked wire- 
contact phase boundaries [22]. Chu et al. created a multiheterostructure 
consisting of a double carbon layer and a Schottky junction, which 
effectively buffered volume changes, maintained structural stability, 
and enhanced electron transport rates, resulting in excellent electro-
chemical performance in PIBs [23]. 

The generation of combined p-n and Schottky heterojunctions may 
promise to redistribute interfacial charge storage and improve electrode 
structural integrity. Despite this, evidence demonstrating increased 
electrochemical storage as a result of the synergistic function of these 
two heterostructures remains limited. In this study, we adopt a CoSe2- 
FeSe2/graphite/N-doping carbon (CFS//g@NC) Janus heterostructure 
design with both of p-n and Schottky junctions to achieve efficient po-
tassium storage. The p-n junctions formed between p-type FeSe2 and n- 
type CoSe2. A few nanometer-thick of graphite layer wrapped the CoSe2- 
FeSe2 Janus nanoparticles formed the Schottky junctions, which attracts 
and traps the potassium ions. As a result, both of p-n and Schottky 
junction form the built-in electric field, improving the diffusion of po-
tassium ion and accelerating charge transfer. Constructing dual junction 
and carbon layer has become an important consideration in improving 

the performance of PIB. The CFS//g@NC displays superior potassium 
storage performance with high cycling stability over 2500 cycles and 
high rate performance (10 A g− 1). Besides, Kelvin probe force micro-
scopy (KPFM) analysis and density functional theory (DFT) calculations 
confirm the fast ion transport in CFS//g@NC. This study proposes a 
strategy to construct the heterostructure materials with multilayered 
structure for the energy storage fields. 

2. Experimental section 

2.1. Materials 

Cobalt(II) chloride hexahydrate (CoCl2⋅6H2O,≧98%), Iron(III) chlo-
ride hexahydrate (FeCl2⋅6H2O≧98%), potassium citrate tribasic mono-
hydrate (C6H5O7K3⋅2H2O), potassium ferricyanide(III) (K3[Fe(CN)6] 
≧99%), Potassium hexacyanocobaltate(III) (K3[Co(CN)6]≧90%), 
ethanol (ACS reagent grade,≧99.5%), 2-Amino-2-(hydroxymethyl)-1,3- 
propanediol (NH2C(CH2OH)3, ACS reagent grade,≧99.8%), Dopamine 
hydrochloride((HO)2C6H3CH2CH2NH2⋅HCl), Iron powder (J.T. Baker), 
Cobalt powder (J.T. Baker), Selenium (powder, − 325 mesh, 99.5%), 
dimethyl carbonate (DMC, anhydrous 99%), and potassium metal 
(chunks in mineral oil, 98%) were purchased from Sigma-Aldrich. Po-
tassium bis(fluorosulfonyl)imide (KFSI, 97%) was purchased from 
Combi-Blocks. Sodium carboxymethyl cellulose (NaCMC, average Mw ~ 
700,000), Super-P and coin-type cell CR2032 were purchased from 
shining energy. Glass fiber was purchased from Advantec. Copper and 
aluminium foil were purchased from Chang-Chun group. 

2.2. Synthesis of Co/Fe-Prussian blue analogues (PBA) 

Typically, bimetallic Co/Fe-PBA polyhedrons were synthesized by a 
co-precipitation method at room temperature. 3 mmol of CoCl2⋅6H2O 
and 3 mmol of C6H5O7K3⋅2H2O were dissolved in 50 mL deionized water 
to prepare solution A, and 1 mmol of K3[Fe(CN)6] was dissolved in 50 
mL deionized water to prepare solution B. Then, solution B was added to 
solution A slowly under magnetic stirring for 1 h and aging for 24 h. 
Finally, Co/Fe-PBA was obtained by centrifugation and wash with 
deionized water and ethanol several times, followed by drying overnight 
at 60 ◦C. 

2.3. Synthesis of Co/Fe-PBA@PDA 

Firstly, 100 mg Co/Fe-PBA nanocubes and 50 mg dopamine hydro-
chloride were ultrasonically added in a Tris-buffer solution (0.1 M, 100 
mL) for 30 mins and magnetic stirring for 3 h. The products were 
collected by centrifugation 4 times using DI water and ethanol (1:1), 
then dried at 60 ◦C overnight. 

2.4. Synthesis of CFS//g@NC 

The Co/Fe-PBA@PDA were pyrolyzed at 600 ◦C for 2 h with a 
heating rate of 5 ◦C min− 1 at Ar atmosphere in a vacuum quartz tube 
furnace, Co-Fe//g@NC were obtained. Se powder and Co-Fe//g@NC 
with the mass ratio of 3:1 were put in quartz boat. The selenization 
process was performed at 400 ◦C for 4 h after pyrolysis process in 
furnace at Ar atmosphere. After selenization process, CFS//g@NC were 
obtained. For comparison, the CoSe2//g@NC and FeSe2//g@NC were 
synthesized by a similar method. 

2.5. Material characterization 

All material’s morphologies were investigated using scanning elec-
tron microscopy (SEM, HITACHI-SU8010) with 10 kV accelerating 
voltage, transmission electron microscopy (TEM, JEOL, JEM- 
ARM200FT, serviced provided by NTHU) with an accelerating voltage 
of 200 kV for investigating structural analysis including morphology, 

S.-S. Mai et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 474 (2023) 145992

3

crystal lattice spacing, high-angle annular dark-field (HAADF) and 
selected-area electron diffraction (SAED), high-resolution X-ray photo-
electron spectroscopy (XPS, ULVAC-PH, PHI QuanteraII, NTHU). All the 
spectra obtained from XPS analysis were first calibrated by referencing 
the standard binding energy of C 1s (284.8 eV), followed by the curve 
fitting using the software of XPSPEAK VER. 4.1. X-ray diffraction (XRD, 
Bruker D8 ADVANCE) with Cu-Ka radiation (λ = 1.54 Å). The ultraviolet 
photoelectron spectroscopy (UPS, ULVAC PHI 5000 Versa Probe, 
serviced provided by NTU) and UV–vis (Aglient, serviced provided by 
NTNU) spectra are used for confirming the valence band and energy gap. 
The electron paramagnetic resonance (EPR) (BRUKER, ELEXSYS E-580, 
serviced provided by NTHU) with frequency of 6000 GHz. The KPFM 
(Bruker, Model: Dimension ICON, serviced provided by NTHU) are used 
for measure surface charge density. Thermogravimetric analysis (TGA) 
was obtained using a thermogravimetric analyzer (TA, Q50) in an air 
flow at a heating rate of 10 ◦C min− 1 from ambient temperature to 
800 ◦C. Surface area was detected by Brunauer–Emmett–Teller (BET) 
method. The K-edge X-ray absorption spectroscopy (XANES) of CFS//g 
were measured in fluorescent mode at the beamline of TPS 44A at the 
National Synchrotron Radiation Research Center (NSRRC) in Taiwan. 
All the XANES data were analyzed by Athena software (version 0.9.26) 
[24]. 

2.6. Electrochemical measurements 

The anode electrode was prepared by mixing active material, super 
P, NaCMC in the ratio of 7:2:1 in distilled water to form a homogeneous 
slurry. The slurry was coated on the copper foil by doctor blade and 
dried at 80 ◦C under argon atmosphere. The average material mass 
loading of each electrode was 0.8 ~ 1.1 mg cm− 2. For electrochemical 
testing, the coin-type half-cell (CR2032) was assembled in an argon 
filled glovebox. For the half-cell, potassium metal foil is used as the 
counter electrode, glass fiber and Celgard 2400 membrane were used as 
the separator, a solution of 1 M KFSI in DMC as electrolyte. The galva-
nostatic discharge/charge tests were carried out in the voltage range of 
0.01 V to 3 V by Neware battery test system. Before the stability test at 
500 mA g− 1, the battery was cycled three times at 50 mA g− 1. Cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
was collected by multi-channel electrochemical analyzer (Bio-Logic- 
science Instruments, VMP3) with a potential window of 0.01–3.00 V and 
a frequency of 600 kHz to 50 mHz. The galvanostatic intermittent 
titration technique (GITT) was charged/discharged at a current density 
of 50 mA g− 1 for 10 min with a relaxation time of 1 h. 

2.7. Mott-Schottky test 

Mott–Schottky plots were also measured with a 3-electrode setup in 
0.1 M KOH electrolyte on an electrochemical workstation (Bio-Logic- 
science Instruments, VMP3). CFS//g@NC, FeSe2//g@NC and CoSe2// 
g@NC was coated on glassy carbon electrode as the working electrode, 
along with a s Ag reference electrode and Pt wire counter electrode. 

2.8. DFT calculation 

The calculations were performed with DFT implemented in the 
Vienna ab initio simulation package VASP [25]. The projected 
augmented wave (PAW) method was used to describe ion core-electron 
interactions and the exchange-functional correlation was treated by the 
generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof 
(PBE) functional [26]. The van der Waals interaction is described by 
the DFT-D3 approach [27]. The cutoff energy of plane-wave expansion 
was set to 400 eV. The Brillouin zone (BZ) was sampled using 
Monkhorst-Pack method with K points spacing less than 0.03*2π Å [28]. 
For density of states and charge density calculations, we doubled the 
number of K points for better accuracy. The energy convergence crite-
rion was set to be 10− 5 eV. Atomic positions were fully relaxed with the 

force acting on each atom being less than 0.01 eV/Å. Mirror layers are 
seperated with a vaccum layer of about 12 Å to avoid artificial 
interactions. 

3. Results and discussion 

3.1. Structure characterization 

CFS//g@NC Janus heterostructures were obtained via the pyroly-
sis method involving a selenization of polydopamine (PDA)-coated 
Prussian blue analog. The PBA-derived carbon with high degree of 
graphitization uniformly wrapped Janus nanoparticles. As depicted in 
Fig. 1, the fabrication process of CFS//g@NC primarily consists of 
several stages. Initially, a cobalt iron Prussian blue analog (Co/Fe-PBA) 
is synthesized via a facile co-precipitation method. Figs. S1–3 show the 
crystal structure and morphology of the precursor. The raw materials 
employed in this process include K3[Fe(CN)6] ([Fe(CN)6]3− ), 
CoCl2⋅6H2O (Co2+), and C6H5O7K3⋅2H2O (a chelating agent). Due to the 
exceedingly small solubility product constant (Ksp) of PBA, immediate 
nucleation and grain growth occur once the raw material solutions are 
mixed. This poses a challenge in controlling the material’s morphology, 
potentially leading to defects and agglomeration [29,30]. In order to 
address this issue, we introduced a chelating agent, C6H5O7K3⋅2H2O, 
capitalizing on its high chelating capacity with transition metal ions, 
thereby inhibiting the spontaneous nucleation and precipitation reac-
tion of Fe(CN)6]3− . As a result, we are able to suppress spontaneous 
nucleus growth, facilitating the formation of a PBA with fewer defects 
and single-crystal growth. The primary reaction in the Co/Fe-PBA for-
mation process can be represented as:  

3Co2+ + 2[Fe(CN)6]3− → Co3[Fe(CN)6]2                                                  

Subsequently, dopamine is utilized for its catechol functional groups 
and terminal amino groups of lysine, providing superior adhesion. In 
alkaline environments, dopamine undergoes self-polymerization 
through an oxidative cross-linking reaction, forming a uniform, 
comprehensive layer of PDA. This PDA layer is coated onto the surface of 
Co/Fe-PBA. The resulting composite, Co/Fe-PBA@PDA, is then ther-
mally decomposed to create a double-layered carbon structure (Co/Fe// 
g@NC), comprised of a graphite layer and an NC layer. This NC layer, 
transformed from a PDA film via high-temperature sintering, is a 
nitrogen-doped carbon layer that effectively moderates volume changes 
and prevent K2Se from dissolving in the electrolyte [31]. 

Of note, the cyano group (C≡N) in Co/Fe-PBA forms a graphite layer 
during the thermal decomposition process. This in-situ formed graphite 
carbon layer, plays a role in hindering the CoFe alloy nanoparticles from 
aggregation. As a result, it helps in providing a greater number of active 
sites for catalysis. Following thermal decomposition, we selenize Co/ 
Fe//g@NC, resulting in the formation of the CFS//g@NC. In this unique 
structure, each nanoparticle, including CoSe2 and FeSe2, is uniformly 
encapsulated by the graphite layer. This arrangement results in a het-
erostructure and double carbon layers, both of which enhance charge 
transfer and elevate the diffusion rate of potassium ions. 

The crystal structure of the sample was confirmed by XRD mea-
surements, as shown in Fig. 2a. The unique XRD pattern of the CFS// 
g@NC can be identified by the as the superposition of cubic CoSe2 (Pa −
3 (205), JCPDS No. 04-003-1990) and orthorhombic FeSe2 (Pnnm (58), 
JCPDS No. 04-003-1738), confirming the coexistence of CoSe2 and 
FeSe2 phases. No significant impurity peaks were observed in the XRD 
patterns. The diffraction peaks of CoSe2//g@NC and FeSe2//g@NC can 
be attributed to CoSe2 and FeSe2, respectively. As show in Fig. 2b, c and 
S4–6, the morphology and microstructure of the prepared CFS//g@NC, 
CoSe2//g@NC, and FeSe2//g@NC were characterized using field emis-
sion scanning electron microscopy (FESEM) and TEM. Fig. 2b and c 
show that small particle structures dispersed in the graphite and NC was 
observed through low − magnification TEM. The surface of the prepared 
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Fig. 1. Schematic diagram of the synthetic route of the CFS//g@NC Janus heterostructure.  

Fig. 2. (a) XRD pattern, (b) SEM image, (c) TEM image, (d) HRTEM image, (e) FFT, (f, g) HAADF-STEM images, and (h) HRTEM image of CFS//g@NC.  
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CFS//g@NC became noticeably rough and wrinkled after the carbon-
ization and selenization [32]. In Fig. 2d, the high − resolution TEM 
(HRTEM) image of the CFS//g@NC shows lattice fringe spacings of 
0.227, 0.247, and 0.37 nm in the upper region, corresponding to the 
(210), (120), and (110) planes of FeSe2, respectively. The lower region 
shows a lattice fringe spacing of 0.335 nm, corresponding to the (111) 
plane of CoSe2. On the other hand, the lattice spacing of 0.336 nm can be 
attributed to the (002) plane of the graphite layer generated by cata-
lyzing the CN bond, confirming the successful formation of CFS//g@NC 
multilayer heterostructure [33–35]. The graphite layer with a thickness 
of 2–3 nm can promote electron transport. On the other hand, it was 
confirmed that a graphite layer wraps the CFS nanoparticle (Fig. S7). In 
addition, the corresponding fast Fourier transform (FFT) pattern con-
firms that CFS//g@NC is composed of FeSe2 and CoSe2 (Fig. 2e). The 
upper region correspond to the [111] and [101] zone axis of ortho-
rhombic FeSe2, respectively, the lower region corresponds to the [120] 
zone axis of cubic CoSe2 (Fig. S8) [22,36]. As depicted in Fig. 2f, the 
corresponding dark-field image allows for the clear identification of 
structural features (Fig. 2g and h). It also visibly shows the graphite 
layer wrapping around the CoSe2 and FeSe2 nanoparticles and presents a 
distinct boundary in the CoSe2/FeSe2 heterostructure. The lattice 
spacing d of 0.251 nm corresponds to the (111) plane of FeSe2, the 
lattice spacing d of 0.268 nm corresponds to the (210) plane of CoSe2, 
and the lattice spacing d of 0.334 nm corresponds to the (002) plane of 
graphite [37]. These results are also consistent with HRTEM and FFT. 

We used dark-field imaging in TEM to confirm the presence of CoSe2 
and FeSe2 in the Janus heterostructure. This method verified the struc-
ture of the CFS//g@NC, as shown in Fig. 3a and b. By tune position of 
the objective lens, the diffraction electron beam signal of a specific 
structure as the source of the main signal. The different signal results in 
the different bright area imaged in the dark field image, so as to infer the 
structure of CFS//g@NC. As shown in Fig. 3c and d, the signal of CFS// 
g@NC can be divided into two diffracted electron beam signals, FeSe2 

and CoSe2. The diffracted beam is used for imaging, further the corre-
spond dark field images of FeSe2 and CoSe2 were obtained. First, the 
diffraction rings in SAED correspond to the (211) and (230) planes of 
FeSe2, the (220) plane of CoSe2, and the (110) and (114) planes of 
graphite, indicating the coexistence of multiple phases in CFS//g@NC. 
The SAED of CoSe2//g@NC and FeSe2//g@NC are shown in Fig. S5b 
and S8b, respectively. In Fig. 3e and f, the bright areas can be seen to be 
the diffraction ring lattice signals contributed by the (220) plane of 
CoSe2 and the (211) plane of FeSe2, indicating that each particle in 
CFS//g@NC is composed of FeSe2 and CoSe2, further verifying the 
heterogeneous structure of CFS//g@NC. The dark-field image can be 
used to estimate the ratio of CoSe2 and FeSe2 in CFS//g@NC by counting 
the number of bright spots. In Fig. 3e, the number of bright spots lit by 
the diffraction electron beam provided by the (220) plane of CoSe2 is 
calculated to be approximately 150. In Fig. 3f, the number of bright 
spots lit by the diffraction electron beam provided by the (211) plane of 
FeSe2 is calculated to be approximately 170. The results show that the 
CFS//g@NC is composed of CoSe2 and FeSe2, the composition ratio is 
nearly 1:1. The results of Co/Fe-PBA are similar to this result (Figs. S9 
and S10). Next, energy dispersive X-ray spectrometry (EDS) was used to 
analyze the composition and distribution of various elements. Fig. 3g 
shows that Co, Fe, Se, C, and N are uniformly distributed, further con-
firming the coexistence of CoSe2 and FeSe2 in the CFS//g@NC. The 
atomic percentage of Co: Fe: Se elements is approximately 23.3%: 
14.1%: 62.7% (Figs. S11 and S12). The inductively coupled plasma- 
optical emission spectroscopy (ICP-OES) was performed. Table S1 
shows that the weight percentage of Co: Fe: Se elements is 12.35 wt%: 
7.06 wt%: 61.12 wt%. It can be determined that the atomic percentages 
of Fe:Co:Se elements are approximatey 11.1%: 18.9%: 70%, indicating 
the CoSe2: FeSe2 ratios of 1.7:1. In addition, the N element mapping 
completely overlaps with the carbon framework, indicating that NC is 
successfully dispersed in the CFS//g@NC. 

XPS measurements were used to verify the valence band offsets of Fe 

Fig. 3. (a, b) Schematic diagram of dark-field imaging. (c, d) SAED pattern, (e, f) dark-field image, and (g) EDS elements mapping of CFS//g@NC.  
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and Co species (Figs. S13 and S14). Driven by the built-in electric field 
from the heterojunction, it can be observed that the main peak in Fe 2p3/ 

2 is significantly shifted to a lower binding energy (about 1 eV), con-
firming the strong electron interaction between CoSe2 and FeSe2. The Fe 
2p3/2 of CFS//g exhibits a lower binding energy than that of FeSe2//g. In 
contrast, the binding energy of Co 2p3/2 in CFS//g is higher than that of 
CoSe2//g (about 1.4 eV), confirming the presence of some electron- 
deficient p-type FeSe2 in CFS//g. The C 1 s further confirm formation 
of graphite carbon layers in the material [38–40]. Fig. S15 shows the 
Raman spectra of CFS//g with and without NC. The D band represents 
defects and disorder in the carbon material, while the G band represents 
the characteristic peak for the graphite. It can be confirmed that the 
graphite layer around FeSe2/CoSe2 is formed due to the catalytic gen-
eration of C≡N bonds. Similar results can be seen in the comparison 
materials (Fig. S16), verifying that cobalt and iron metals can catalyze 
the formation of graphite layer structures by C≡N bonds at high tem-
peratures. The CFS//g@NC shows the BET specific surface area of 
9.8351 m2⋅g− 1 (Fig. S17). According to the TGA result in Figs. S18 and 
S19, the graphite and NC content for CFS//g could be calculated as 
19.9% [41]. 

The bandgap (Eg) of the semiconductor can be estimated by the Tauc 
equation, using the ultraviolet–visible (UV–vis) spectrum. Notably, the 
absorption spectrum of indirect bandgap materials is steeper than that of 

direct bandgap materials. According to the Tauc plot (Fig. 4a), the 
bandgaps of FeSe2//g and CoSe2//g are calculated to be 1.50 eV and 
1.18 eV, respectively. To further categorize the semiconductor type, UPS 
was performed on FeSe2//g and CoSe2//g (Fig. 4b). The valence band 
maximum (VBM) edges of FeSe2//g and CoSe2//g are 1.14 eV and 1.24 
eV, respectively. The differential positioning of the Fermi level initiates 
spontaneous electron transfer, thus forming the built-in electric field at 
the heterostructure. The energy band diagram is displayed in Fig. 4c 
[42]. Connecting the n-type CoSe2//g and p-type FeSe2//g triggers 
electron flow from the filled states in the conduction band of CoSe2//g to 
the vacant states in the valence band of FeSe2//g until the Fermi levels of 
the two semiconductors equalize. The identical Fermi level prompts the 
energy bands of CoSe2//g and FeSe2//g to bend. The depletion region in 
CoSe2//g and FeSe2//g holds positive and negative charges, respectively 
[43]. The built-in electric field is formed upon contacting the p-type 
FeSe2//g with n-type CoSe2//g, which expedites the direct migration of 
electrons and potassium ions and optimizes the spatial distribution of 
charged species. In addition, the work function of FeSe2, CoSe2, FeSe2// 
g, and CoSe2//g was calculated using the formula: Φ = hν − Ecutoff, 
where Φ is the work function, hν = 21.22 eV, and Ecutoff represents the 
cutoff energy. The Ecutoff of FeSe2, FeSe2//g, CoSe2, and CoSe2//g is 
16.53, 17.08, 17.35, and 17.2 eV, respectively, resulting in calculated 
work functions of 4.67, 4.12, 3.85, and 4 eV, respectively. The direct 

Fig. 4. (a) Tauc’s bandgap plots, (b) UPS valence band spectra of CoSe2//g and FeSe2//g. (c) Band diagram for p-type FeSe2 and n-type CoSe2. (d, e) UPS spectra for 
the secondary electron cutoff region and (f) energy diagram of FeSe2 and FeSe2//g. (g, h) UPS spectra for the secondary electron cutoff region and (i) energy diagram 
of CoSe2 and CoSe2//g. The Mott-Schottky plots of (j) CoSe2//g (k) FeSe2//g and (l) CFS//g. 
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contact between a conductor and a semiconductor creates a Schottky 
barrier at the interface, causing adjustment between the materials. 
Rectification, leading to the formation of a Schottky junction, will occur 
if the work function of the n-type semiconductor is smaller than that of 
the conductor. Conversely, an opposing trend is observed when the 
material is a p-type semiconductor. Fig. 4d–f compare the work function 
values of FeSe2 with and without a graphite layer, with the work func-
tion value of FeSe2//g being smaller than that of p-type FeSe2. When p- 
type FeSe2 directly contacts the graphite layer, electrons spontaneously 
migrate from the graphite layer to FeSe2 until the Fermi levels align. This 
self-driven charge density redistribution at the heterointerface is 
consistent with the Mott-Schottky heterojunction structure in solid-state 
physics. Conversely, the work function value of CoSe2//g is larger than 
that of n-type CoSe2 (Fig. 4g–i) [44]. The Fermi level gap between n-type 
CoSe2 and the graphite layer triggers electron injection into the graphite 
layers from CoSe2 until equilibrium is achieved. In equilibrium, the 
electron bands of CoSe2 bend upward at the interface, and the electric 
field from CoSe2 to the graphite layer persists, forming a Schottky het-
erojunction structure. Thus, it is inferred that CFS//g also displays a 
Schottky heterojunction structure between CoSe2/FeSe2 and the sur-
rounding graphite layers [23,45]. Further, Mott-Schottky analysis was 
conducted to verify the semiconductor types of FeSe2//g and CoSe2//g. 
Fig. 4j shows a positive Mott-Schottky slope, indicating that CoSe2//g is 
an n-type semiconductor [46]. Conversely, the Mott-Schottky plot of 
FeSe2//g in Fig. 4k has a negative slope, suggesting it is a p-type semi-
conductor [47]. With a p-n heterojunction structure, the curve’s inver-
ted V shape, as shown in Fig. 4l, serves as evidence of the successful 
formation of the p-n junction in CFS//g, a conclusion that is confirmed 

by the results presented in Fig. 4c. As mentioned earlier, an internal 
electric field forms at the contact interface, facilitating the transfer of 
negatively charged electrons from n-type CoSe2 to p-type FeSe2, which 
in turn accelerates swift charge transfer and increases the diffusion rate 
of potassium ions [48]. 

The electronic and local structure of the CFS//g, FeSe2//g and 
CoSe2//g was further investigated using X-ray absorption fine structure 
(XAFS). The Co K-edge X-ray absorption near-edge structure (XANES) 
spectrums in Fig. 5a and b show that the adsorption edge of CFS// 
g shifts to the higher energy region relative to CoSe2//g, indicating the 
high valence state of Co in CFS//g. In Fig. 5c, the coordination envi-
ronment of Co atoms in Co-Se is identified by the extended X-ray ab-
sorption fine structure (EXAFS) spectroscopy. Due to the defects and 
synergistic effects formed by the heterostructure interface, the Co-Se 
peak intensity of CFS//g significantly increases compared to CoSe2//g, 
indicating that the Co species has a higher coordination number in 
CFS//g [49,50]. Similarly, the Fe K-edge XANES spectrums show that 
the adsorption edge of CFS//g is slightly shifted to lower energy 
compared to FeSe2//g (Fig. 5d and e), representing a higher reduction of 
Fe species in CFS//g state. Fig. 5f shows the intensity of Fe-Se peak in 
CFS//g is lower than that of FeSe2//g due to the change of coordination 
environment and induced vacancies, showing the opposite trend to the 
Co-Se peak [51]. The results represent that electrons flow from the filled 
state in the n-type CoSe2 conduction band to the empty state in the p- 
type FeSe2 valence band due to the generation of the built-in electric 
field at the heterointerface and the driving force for electrons, further 
redistributing the interface charges. Wavelet transform (WT) analysis is 
used to further visually observe the Co-Se bond and Fe-Se bond of CFS// 

Fig. 5. (a, b) XANES spectra of Co K-edge, (c) EXAFS spectra of Co K-edge with Co Foil、CoSe2//g and CFS//g. (d, e) XANES spectra of Fe K-edge, (f) EXAFS spectra 
of Fe K-edge with Fe Foil、FeSe2//g and CFS//g. (g) Wavelet transforms for the k2-weighted Fe K-edge EXAFS signals for FeSe2//g and CFS//g and Co K-edge EXAFS 
signals for CoSe2//g and CFS//g. 
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g (Fig. 5g). And, due to the effect of the heterostructure interface, the Co- 
Se and Fe-Se bonds of CFS//g presents similar intensity (Co-Se: 8.38; Fe- 
Se: 9.45), which is different from CoSe2//g (Co-Se: 7) and FeSe2//g (Fe- 
Se: 11.55). The results show that Co-Se and Fe-Se bonds coexist in the 
CFS//g [37,52]. 

3.2. Electrochemical tests and analysis 

The CV curves of the CFS//g@NC anode at a scan rate of 0.1 mV s− 1 

within the potential range of 0.001–3.0 V (vs. K+/K) were demonstrated 
in Fig. 6a. An initial sharp reduction peak is observed during the 
cathodic scan, attributed to the formation of a solid electrolyte interface 
(SEI) layer via electrolyte decomposition. The CV curves for the first ten 
cycles exhibit similarity with those of CoSe2//g@NC and FeSe2//g@NC 
(Fig. S20), suggesting that the reduction reaction of CFS//g@NC could 
be similar to those of CoSe2//g@NC and FeSe2//g@NC [39,53]. This 
proposition is further supported by the examination of the potassium- 
ion storage mechanism in the CFS//g@NC electrode using ex-situ XPS 
and TEM measurements during the discharging/charging process. As 
shown in Fig. S21a, two peaks at 711.2 and 723.6 eV are related to FeSe2 
in the initial state. After discharging to 0.01 V, the peaks almost disap-
pear because of the formation of Fe0. On the contrary, the peaks at 711.2 
and 723.6 eV appear at 3 V, demonstrating the reversible reaction. The 
Co spectrum also shows similar results (Fig. S21b). Fig. S21b shows the 
new peak appears after discharging to 0.01 V, which can be attributed to 
the formation of K2Se. When charging to 3.0 V, the peak at 54.5 eV 
disappears, indicating the reversible conversion of K2Se to FeSe2/CoSe2. 
In addition, the reversible reaction of CFS//g@NC can also be observed 
by ex situ TEM. The findings verify that the reaction mechanism of 
CFS//g@NC is similar to that of typical metal selenides [37]. 

The electrochemical performance of CFS//g@NC, assessed via coin- 
type half-cells assembly, displays the initial charge/discharge capacities 
of CFS//g@NC are 436.3 and 621.6 mA h g− 1, with an initial Coulombic 
efficiency (CE) of 70.2% at a current density of 50 mA g− 1 (Fig. 6b). The 
low initial CE can be attributed to irreversible side reactions, such as 
electrolyte decomposition and SEI film formation [13]. After 50 cycles, 
CFS//g@NC shows a superior capacity to CoSe2//g@NC and FeSe2// 
g@NC, delivering 462.7 mA h g− 1. The specific capacity directly reflects 
the utilization efficiency of the conversion product (K2Se), while the 
retention reflects the ability to suppress the shuttle effect. Notably, there 
is a gradual increase in capacity after an initial drop, leading to stability 
in subsequent cycles. This behavior is commonly seen in other reported 
transition metal chalcogenides and might be due to the formation of an 
organic polymer/gel-like layer during electrolyte decomposition, offer-
ing additional capacity via pseudocapacitive behavior. Furthermore, in 
order to explore the effect of the carbon layer on electrochemical per-
formance, the cycling performance of the graphite and graphite coated 
with NC (graphite @NC) were investigated (Fig. S22). The result shows 
that NC doesn’t contribute to the capacity, and the graphite layer 
doesn’t contribute much to the capacity for the CFS//g@NC electrode. 
The galvanostatic charge − discharge (GCD) curves of the 1st and 50th 
cycles are shown in Fig. 6c and d. During the discharge process (blue 
frame), the first and the second plateau corresponds to the formation of 
the SEI layer and the conversion reaction, respectively. The over-
potential of CoSe2//g@NC is lower than FeSe2//g@NC and CFS//g@NC 
due to a lower charge transfer resistance (Rct) during the solid–liquid 
phase transition process. When the charging voltage reaches 1.8 V 
(green frame), all materials undergo conversion reactions, but CFS// 
g@NC exhibits lower polarization and a longer plateau owing to higher 
utilization of K2Se. With the inherent electric field provided by the p-n 
junction, the electrochemical performance of CFS//g@NC significantly 
outperforms other materials during the charge/discharge process 
[22,54]. On the contrary, FeSe2//g@NC and CoSe2//g@NC show a ca-
pacity decay after 50 cycles, contrasting with CFS//g@NC. This com-
parison confirms the efficacy of the p-n heterostructure design for 
enhanced potassium storage performance. Lastly, the layered structure 

of graphite benefits to volume change mitigation within the material, 
implying the crucial role of the Schottky junction in maintaining the 
anode’s cycle stability. This conclusion is supported by consistent 
discharge and charge plateaus observable over 50 cycles for all three 
materials. 

We examined the charge/discharge rates for different materials from 
0.1 to 10 A g− 1 to study the influence of p-n junctions and Schottky 
junctions on conversion kinetics (Fig. 6e and d). At the current density of 
0.1, 0.2, 0.5, 1, 2, 4, 8, and 10 A g− 1, the reversible capacity of CFS// 
g@NC is 375, 351, 324, 310, 295, 271, 228, and 197 mA h g− 1, 
respectively. When the current density returns to 0.2 A g− 1, the capacity 
can recover to 368 mA h g− 1. When compared to FeSe2@NC and 
CoSe2@NC, the capacities of FeSe2//g@NC and CoSe2//g@NC remain 
stable at high rates. Defects between the graphite layers and FeSe2/ 
CoSe2 enhance K+ insertion/extraction during cycling, thereby 
improving their rate performance. Moreover, the abundant defects 
created at the interfaces increase the number of active sites, providing 
continuous diffusion paths for ions and electrons. Cycling performance 
is another indicator to evaluate the electrochemical stability and 
reversibility of the electrode. Fig. 6g shows the long-term cycling per-
formance of the samples at a current density of 0.5 A g− 1. Remarkably, 
CFS//g@NC maintains a high reversible capacity of 195.4 mA h g− 1 

with a CE of 99.8% after 2500 cycles, surpassing FeSe2//g@NC. This 
superior performance is attributed to the heterojunction and graphite- 
layered structure, which significantly enhance the material’s perfor-
mance and structural durability. As shown in Fig. 6h, the SEM image of 
CFS//g@NC’s electrode surface shows no sign of cracks after 100 cycles. 
However, the electrode of the FeSe2//g@NC and CoSe2//g@NC cracks 
more severely than CFS//g@NC after 150 cycles (Fig. S23). The results 
can correspond to the result of Fig. 6g. The capacity of FeSe2//g@NC 
and CoSe2//g@NC decay quakily after 120 cycles. This suggests that 
CFS//g@NC nanoparticles can maintain their structure and good 
morphology during cycling, likely attributed to the buffering role of the 
graphite layer and NC layer [31]. 

The electrochemical kinetics of the electrodes were further investi-
gated by measuring the electrochemical impedance spectra (EIS) of 
CFS//g@NC, FeSe2//g@NC, and CoSe2//g@NC after 100 cycles, 
respectively (Fig. 6i). The Nyquist plot, consisting of a depressed semi-
circle and a subsequent diffusion drift, reveals the charge transfer 
resistance (Rct) at the electrode/electrolyte interface. After 100 cycles, 
the Nyquist plot showed that the Rct of CFS//g@NC was smaller than 
that of FeSe2//g@NC and CoSe2//g@NC. Because Lower Rct value 
represents faster charge transfer behavior, it can be speculated that the 
p–n junction is beneficial to enhanced the charge transfer behavior of 
the material, further improving electrochemical performance. The 
relationship between the real part of EIS (Re(Z)) and the angular fre-
quency (ω− 0.5), in the low-frequency region of the three electrodes after 
100 cycles is depicted in Fig. 6j. Calculated from the slope, the Warburg 
coefficients (σ) of CFS//g@NC, FeSe2//g@NC, and CoSe2//g@NC are 
21.51, 29.11, and 37.96, respectively. CFS//g@NC, as indicated by its 
relatively lower gradient slope in the low-frequency region, allows a 
faster potassium ion diffusion rate compared to FeSe2//g@NC and 
CoSe2//g@NC. This increase in electrochemical kinetics contributes to 
the improved rate performance of CFS//g@NC, aligning with the results 
presented in Fig. 6e. 

In comparison to FeSe2//g@NC, CFS//g@NC merges the high ca-
pacity of CoSe2//g@NC with the impressive cycling stability of FeSe2// 
g@NC, creating a unique heterostructure material. This process not only 
reinforces the chemical bonds within the heterojunction, but also am-
plifies the built-in electric field, which in turn enhances the anode’s 
structural stability. Consequently, the heterojunction interfaces exhibit 
improved charge transfer and accelerated potassium ion diffusion rates. 
Therefore, CFS//g@NC, featuring both p-n junctions and Schottky 
junctions, delivers superior rate performance and cycling stability. In 
terms of rate performance and long-term cycling, the CFS//g@NC anode 
outperforms other heterostructures or selenide/sulfide materials 
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Fig. 6. (a) CV curves at 0.1 mV s− 1. (b) Cycling performance at 0.05 A/g. (c) GCD profiles with the 1st and 50th cycle at 0.05 A/g, (d) the corresponding plateau in 
discharge state (blue frame), and the corresponding plateau in charge state (green frame). (e) Rate capability and (f) the corresponding GCD profiles at various rates. 
(g) Long-term cycling performance at 500 mA g− 1. (h) SEM image of CFS//g@NC after 100 cycles. (i) Nyquist plots of CFS//g@NC, FeSe2//g@NC and CoSe2//g@NC 
after 100 cycles. (j) Linear diagram of impedance and frequency components in (i). (k) The comparison between this work and the other reported literatures. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

S.-S. Mai et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 474 (2023) 145992

10

(Fig. 6k) [22,37,55–61]. Notably, the rate and cycling performances of 
most materials, except for CFS//g@NC, are limited to around 5 A g− 1 

and fall below 2000 cycles. Although the capacity of most materials 
exceeds that of CFS//g@NC at lower rates, CFS//g@NC distinctly out-
shines them at high current densities (10 A g− 1) and over an extended 
number of cycles, demonstrating excellent rate capability and stable 
long-term cycling performance. 

To explore the cause behind the superior rate capability of the CFS// 
g@NC heterostructure, CV measurements were conducted on 5 elec-
trodes at various scan rates ranging from 0.1 to 0.9 mV s− 1 (Fig. 7a and 
S24). Regardless of the scan rate, all CV curves present similar shapes, 

and as the scan rate increases, the cathodic and anodic peaks of the 
material can be seen gradually deviating from their original positions 
due to ohmic resistance. The kinetic behaviors of potassium-ion storage 
can be assessed using the following equation:  

i = avb (0.5 ≤ b ≤ 1)                                                                       (1)  

logi = loga + blogv                                                                         (2) 

Eq. (1) illustrates the relationship between peak current (i) and scan 
rate (v), where a and b are adjustable constants. Based on the slope of the 
log(υ) vs. log(i) plot, b values of 0.5 or 1.0 correspond to diffusion- 

Fig. 7. (a) CV curves of CFS//g@NC at different scan rates. (b) The corresponding b values in linear regression. (c) Calculated b values for anodic and cathodic 
reactions. (d) The composition of pseudocapacitive characteristics in the CV curve at a scan rate of 0.9 mV s− 1. (e) Capacitive-controlled contribution at different scan 
rates. (f) Voltage profile, (g) Nyquist plot of CFS//g@NC, and (h) measured charge transfer resistance of all electrodes, derived from in-situ EIS analysis for the 1st 
cycle. (i) GITT curves with 20 mins current pulse of 50 mA g− 1 followed by 60 mins relaxation and (j) corresponding diffusion coefficients of each current pulse. 
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controlled or capacitive-controlled electrochemical processes, respec-
tively. The calculated b values for peaks A1, A2, C1, and C2 in CFS// 
g@NC are 0.9926, 0.9264, 0.8888, and 0.8114, respectively (Fig. 7b) 
[62]. The b values calculated for CoSe2//g@NC and FeSe2//g@NC are 
also similar to those of CFS//g@NC and exceed 0.75 (Fig. S25). 
Although CoSe2@NC and FeSe2@NC have similar CV curves to CoSe2// 
g@NC and FeSe2//g@NC, their calculated b values are less than 0.75. 
The nearly 1.0 ’b’ values for CFS//g@NC, CoSe2//g@NC, and FeSe2// 
g@NC suggest a pseudocapacitive-driven potassium-ion storage mech-
anism (Fig. 7c), indicating the critical role of p-n and Schottky junctions 
in enhancing the high rate performance. To quantify the contribution of 
the capacitive-controlled process, a specific relationship equation is 
employed to compute the constant k.  

i = k1v + k2v0.5                                                                              (3) 

where k1v represents non-Faradaic reactions, and k2v0.5 represents 
Faradaic reactions. The CV of CFS//g@NC at 0.9 mV s− 1 is shown in 
Fig. 7d, and the percentage of capacitive contribution relative to the 
total area is 86.65%. Fig. S26 shows the CV of the other sample at 0.9 
mV s− 1. The capacitive-controlled current on the inner surface exceeds 
the diffusion-controlled current, and as highlighted in Fig. 7e and S27, 
the surface capacitive effect of CFS//g@NC is more pronounced 
compared to the four anodes, summarizing all capacitive processes 
across different scan rates. The capacitive contribution increases with 
the scan rate, indicating the high rate potassium storage capability. 
These high capacitive contributions also indicate the fast charge/ 
discharge characteristics of CFS//g@NC, CoSe2//g@NC, and FeSe2// 
g@NC electrodes. To further investigate the changes in Rct values dur-
ing the first potassiation and depotassiation processes, in-situ EIS anal-
ysis was conducted (Fig. 7f − h; Fig. S28) [22,37,53]. Due to the 
heterogeneous structure of CFS//g@NC, the Rct values are initially 
lower in the potassiation process than those of CoSe2//g@NC and 
FeSe2//g@NC, and the Rct values of all the electrodes show a gradually 
decreasing trend in the potassiation process. Different from FeSe2// 
g@NC, CFS//g@NC has no large fluctuations between 0 and 1 V because 
the p-n junction promotes the diffusion of potassium ions and the con-
version reactions. For the depotassiation process, the p-n hetero-
structure makes CFS//g@NC structurally stable, and thus there is no 
significant difference in Rct values. CoSe2//g@NC, being an electron- 
rich n-type semiconductor, exhibits lower Rct values, but its stability 
and cyclic performance are inferior. Due to the formation of p-n and the 
Schottky junction, CFS//g@NC exhibits the excellent capacitance per-
formance and lower Rct values. To study the diffusion kinetics of CFS// 
g@NC, CoSe2//g@NC, and FeSe2//g@NC, GITT was used to measure 
the diffusion coefficient of K+ (DK+) in Fig. 7i. For the linear relationship 
between Eτ and τ1/2 shown in Fig. S29 [63], the DK+ values of CFS// 
g@NC, CoSe2//g@NC, and FeSe2//g@NC were calculated from the 
GITT curves according to the equation: 

DK+ =
4
πτL2(

ΔEs
ΔEt

)
2 (4)  

where τ is the current pulse time (s); L is the electrode thickness, which 
are determined from the cross-sectional SEM images in Fig. S30; ΔEs is 
the constant voltage change induced by the current pulse; ΔEt is the 
potential change of the steady-state current pulse. As shown in Fig. 7j, 
the CFS//g@NC electrode (>–10− 10 cm2 s− 1) has a higher DK+
compared to CoSe2//g@NC and FeSe2//g@NC electrodes in the range of 
≈10− 11–10− 10 cm2 s− 1, indicating that the heterointerface of the CFS// 
g@NC electrode promotes the diffusion of K+ [64–66]. 

3.3. Energy band diagram, KPFM analysis and DFT calculations 

The energy band diagram of FeSe2, CoSe2, and graphite layers after 
Fermi level equilibration is depicted in Fig. 8a. Through direct contact 
with the graphite layer and n-type semiconductor CoSe2, the p-type 

FeSe2 semiconductor acquires electrons, concentrating electrons in 
FeSe2 and enhancing its ability to attract potassium ions. By means of p- 
n and Schottky heterojunction interactions, FeSe2 accumulates more 
electrons compared to a typical p-type semiconductor, and CoSe2 loses 
more electrons compared to a standard n-type semiconductor. This dy-
namic creates a robust built-in electric field between FeSe2 and CoSe2, 
drastically enhancing the diffusion rate of potassium ions and thereby 
augmenting the rate performance of CFS//g@NC. The KPFM technique, 
which determines surface potential differences by measuring surface 
charge density, has been established as an effective method to study 
built-in electric fields. The surface potential differences of CFS//g, 
FeSe2//g, and CoSe2//g were examined, as presented in Fig. 8b and c. 
CFS//g displays the highest surface potential (ΔE = 170.13 mV), while 
the surface potentials of FeSe2//g and CoSe2//g are 59.36 and 64.24 
mV, respectively. These findings imply that the p-n heterojunction 
structure of CFS//g generates a built-in electric field, reducing internal 
resistance and fostering electron and ion interfacial transport. Hence, 
the negatively charged FeSe2 can more effectively capture potassium 
ions, while electrons are propelled towards the positively charged 
CoSe2, improving battery performance and substantially enhancing 
charge separation and transport. Moreover, surface potential measure-
ments reveal that the potential of CoSe2//g is lower than that of FeSe2// 
g (Fig. 8d), indicating that under the impetus of the built-in electric field, 
the electrons of CFS//g move from the CoSe2 side to the FeSe2 side, 
instigating the redistribution of interfacial charges at the heterojunction 
interface [67–69]. In the EPR spectrum, signal broadening and ampli-
fication indicate the existence of defect sites in the material. Impor-
tantly, the signal intensity of CFS//g is significantly stronger than that of 
FeSe2//g and CoSe2//g. This shows that CFS//g, which contains both p- 
n and Schottky heterojunctions, exposes more defect sites as seen in 
Fig. 8e [70,71]. 

To study the influence of the constructed heterointerface on reaction 
kinetics, the DFT calculations were performed. The density of states 
(DOS) and partial density of states (PDOS) for FeSe2, CoSe2, and CFS are 
shown in Fig. 8f, S31 and S32, respectively. The bandgap of the FeSe2 
monolayer is quite narrow, with the conduction and valence band edges 
primarily composed of Fe − d states, accompanied by minor participa-
tion of Se − p states. In contrast, the CoSe2 monolayer exhibits a metallic 
character, devoid of a bandgap. The hybridization of Se − p and Co −
d states near the Fermi level indicates a high density of charge carriers, 
suggesting excellent electronic conductivity in the CoSe2 monolayer. 
Notably, the bandgap of CFS near the Fermi level undergoes a shift, 
suggesting improved conductivity compared to the FeSe2 and CoSe2 
monolayers [72,73]. The good electronic conductivity has higher utili-
zation of active materials and promotes ion diffusion kinetics to improve 
the electrochemical properties of electrode materials [74]. Fig. 6 shows 
the electrochemical performances of CFS//g@NC are better than those 
of FeSe2//g@NC and CoSe2//g@NC. Fig. 8g visualizes the charge den-
sity, revealing the distribution of electrons in both depletion (green) and 
accumulation (yellow) regions, thus verifying the direction of electron 
contribution and transfer. In the FeSe2/CoSe2 interface, most of the 
charge is predominantly concentrated near the Co side, with the 
depleted portion surrounding the Fe and Se atoms. This observation is 
consistent with the discussion in Fig. 4c, which describes the electron 
flow from the n-type CoSe2 to the p-type FeSe2. Fig. 8h demonstrates 
that the charge and dissipative regions of CFS are concentrated near the 
Se and K atoms and the Co and Fe atoms, respectively. The charge 
transfers from CoSe2 to FeSe2, promoting electron transfer to form an 
electron transport pathway and further confirming the unbalanced 
charge distribution in the computational results [46]. Furthermore, we 
investigate the internal diffusion potential barrier of the CFS hetero-
structure (Fig. 8i, j and S33 − S35). As shown in Fig. 8i, the energy 
barrier of K atoms on the CFS heterostructure is 0.28, 0.45, 0.26, 0.35, 
and 0.15 eV. The diffusion barrier of K is slightly two times smaller on 
the CFS heterostructure (0.45 eV) than on FeSe2 (0.90 eV) and CoSe2 
(0.89 eV). Owing to the formation of the heterointerface, CFS exhibits a 
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Fig. 8. (a) Energy diagram of CFS//g. (b) KPFM image of 
FeSe2//g, CoSe2//g and CFS//g and the corresponding (c) 
surface potential profiles. (d) Comparison of the surface po-
tential of FeSe2//g and CoSe2//g. (e) EPR spectra of CFS//g, 
FeSe2//g and CoSe2//g. (f) DOS and PDOS of CoSe2 mono-
layer, FeSe2 monolayer, and CFS. (g, h) charge density dif-
ference of CFS before and after K+ insertion. (i) Diffusion path 
in top view and side for heterostructure. (j) Comparison of 
energy barrier of K+ diffusion.   

S.-S. Mai et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 474 (2023) 145992

13

lower diffusion energy barrier under the condition of built-in electric 
field generation. Therefore, the construction of the heterostructure not 
only significantly promotes the diffusion of K+ intermediates but also 
greatly facilitates charge transfer and ion diffusion during cycling [75]. 

3.4. Discussion 

Fig. 9 introduces strategies to boost the electrochemical performance 
of potassium ions within materials, utilizing heterostructure construc-
tion and PBA-derived carbon layers. It specifically depicts the charac-
teristics of diverse materials like CFS//g@NC and MSe2@NC (where M 
is either Co or Fe), and shows them both with and without an accom-
panying graphite layer. Numerous studies have employed diverse car-
bon coatings—like graphene, porous carbon, biomass carbon materials, 
and citric acid-derived carbon or NC—to enhance the performance of 
these materials [76–78]. Despite these efforts, MSe2 materials wrapped 
in NC, specifically FeSe2@NC and CoSe2@NC, demonstrate poor cyclic 
performance (fewer than 200 cycles) under 500 mA g− 1. This under-
performance is due to the intrinsic volumetric expansion and shuttle 
effect of MSe materials, which lead to substantial structural fracturing. A 
single NC layer appears inadequate to fully alleviate this issue. In 
response to this challenge, we introduced a PBA-derived graphite layer 
to MSe, forming a second protective layer. This layer creates a Mott- 
Schottky heterojunction with the MSe, leading to a higher concentra-
tion of electrons. Interestingly, the FeSe2//g@NC shows a greater elec-
tron concentration, thus attracting more potassium ions compared to 
CoSe2//g@NC. As a result, the electrochemical performance of FeSe2// 
g@NC surpasses that of CoSe2//g@NC, as demonstrated in Fig. 9b. To 
preserve the structural integrity of MSe, we implemented a dual-layer 
carbon structure. The PBA-derived graphite layer encapsulates the 
MSe, preventing nanoparticle agglomeration. This graphite layer also 
generates an intrinsic electric field that accelerates charge transfer and 
improves reaction kinetics during discharge/charge cycles. Neverthe-
less, in long cycle stability tests, the capacitance of FeSe2//g@NC and 

CoSe2//g@NC started to decline after 200 cycles. The introduction of a 
graphite layer did not result in a significant improvement in either 
capacitance or stability. 

Furthermore, a dual heterostructure, CFS//g@NC, following the 
introduction of a p-n heterojunction is constructed. The p-type FeSe2 
semiconductor, through direct contact with the graphite layer and n- 
type semiconductor CoSe2, acquires electrons, which then accumulate in 
FeSe2 and enhance its ability to attract potassium ions. In contrast, the n- 
type CoSe2 loses more electrons. The formation of the graphite layer 
augments the internal electric field between FeSe2 and CoSe2, signifi-
cantly enhancing potassium ion diffusion and improving the rate per-
formance of CFS//g@NC. As shown in Fig. 9c, the combination of the 
dual heterojunction and the graphite layer in CFS//g@NC results in 
improved cycle stability and rate performance. The p-n junction inter-
face between CoSe2 and FeSe2 facilitates the diffusion path for potas-
sium ion insertion, thereby significantly boosting potassium ion storage 
kinetics and potassium atom dispersion. The Schottky heterojunction 
aids the function of the p-n junction, while the graphite layer buffers the 
expansion of the active materials, thereby maintaining robust structural 
integrity and excellent reaction kinetics. Consequently, CFS//g@NC 
exhibits superior rate performance under 10 A g− 1, and maintains this 
high performance level for an extended cycle life of up to 2500 cycles. 

4. Conclusions 

In summary, the CFS//g@NC was prepared by a facile cata-
lytic pyrolysis and selenization of PBA combined with PDA-deri-
ved carbon coating, and employed as anode electrode in PIB. By 
designing the Janus heterostructure configuration, the enriched heter-
ointerface contact significantly enhances the reaction electrochemical 
kinetics of the conversion mechanism, which can be verified in experi-
ments and simulations. Due to the synergistic effect of the dual hetero-
junction, potassium ions are more easily concentrated near the FeSe2 
side. This unique design not only changes the electronic structure but 

Fig. 9. Schematic illustration of the reaction process of (a) FeSe2@NC and CoSe2@NC, (b) FeSe2//g @NC and CoSe2//g@NC, (c) CFS//g@NC anodes for PIBs.  
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also enhances K+ diffusion. These experimental results confirm the 
presence of both p-n junctions and Schottky junctions, providing a larger 
built − in electric field for the CFS//g@NC, enhancing its pseudocapa-
citive capability, lower Rct values, and higher potassium ion diffusion 
coefficient, which significantly improve the rate performance. In addi-
tion, designing electrode materials coupling with a graphite layer and 
NC provides robust shell protection to demonstrate excellent cycling 
durability. The CFS//g@NC exhibited excellent electrochemical per-
formance benefiting from the p-n junctions, Schottky junctions and the 
protection of the carbon layer. As expected, the CFS//g@NC was 
endowed with superior rate capability and excellent cycling stability 
with more than 2500 cycles. Given the excellent rate performance 
generated by the interface contact structure and synergistic effect of the 
Janus heterostructure, this study provides a reliable approach for the 
rechargeable energy storage. 
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