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A B S T R A C T   

Recently, potassium-ion batteries (PIBs) have been considered as one of the most promising energy storage 
systems; however, the slow kinetics and large volume variation induced by the large radius of potassium ions 
(K+) during chemical reactions lead to inferior structural stability and weak electrochemical activity for most 
potassium storage anodes. Herein, a multilevel space confinement strategy is proposed for developing zinc-cobalt 
bimetallic selenide (ZnSe/Co0.85Se@NC@C@rGO) as high-efficient anodes for PIBs by in-situ carbonizing and 
subsequently selenizing the resorcinol–formaldehyde (RF)-coated zeolitic imidazolate framework-8/zeolitic 
imidazolate framework-67 (ZIF-8/ZIF-67) encapsulated into 2D graphene. The highly porous carbon micro
cubes derived from ZIF-8/ZIF-67 and carbon shell arising from RF provide rich channels for ion/electron 
transfer, present a rigid skeleton to ensure the structural stability, offer space for accommodating the volume 
change, and minimize the agglomeration of active material during the insertion/extraction of large-radius K+. In 
addition, the three-dimensional (3D) carbon network composed of graphene and RF-derived carbon-coated 
microcubes accelerates the electron/ion transfer rate and improves the electrochemical reaction kinetics of the 
material. As a result, the as-synthesized ZnSe/Co0.85Se@NC@C@rGO as the anode of PIBs possesses the excellent 
rate capability of 203.9 mA h g− 1 at 5 A g− 1 and brilliant long-term cycling performance of 234 mA h g− 1 after 
2,000 cycles at 2 A g− 1. Ex-situ X-ray diffraction (Ex-situ XRD) diffraction reveals that the intercalation/de- 
intercalation of K+ proceeds through the conversion-alloying reaction. The proposed strategy based on the 
spatial confinement engineering is highly effective to construct high-performance anodes for PIBs.  
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1. Introduction 

In the past 20 years, lithium-ion batteries (LIBs) have extensively 
been used in electric vehicles, portable electronic devices, and other 
fields. However, the shortage and unbalanced geographical distribution 
of lithium resources limit the further sustainable application of lithium- 
based energy storage devices [1,2]. Recently, as one of the promising 
substitutes, potassium has attracted extensive attention due to the ad
vantages of abundant resource, low cost, easy exploitation, suitable 
redox potential (K+/K: − 2.94 V vs SHE) and similar physical/chemical 
properties to lithium [3,4]. Besides, potassium-ion batteries (PIBs) 
possess relatively high operating voltage and good rate capability due to 
the weak Lewis acidity of potassium ions, low standard potential of K+/ 
K and high conductivity of potassium-based electrolytes [5,6]. However, 
the slow kinetics and large volume variation during chemical reactions 
induced by the large radius of K+ would lead to inferior structural sta
bility and weak electrochemical activity for most potassium-based an
odes of storage devices [7–10]. Therefore, it is crucial to develop 
advanced anode materials for accommodating the embedding/de- 
embedding of large K+. 

Among various candidates of anode materials for PIBs, transition 
metal selenides (TMS) have gained much attention owing to their 
desirable theoretical capacity, low cost and good redox reversibility 
[11–14]. For example, Yu et al. synthesized the CoSe2 nanoparticles 
immobilized in N-doped carbon nanotubes with a specific capacity of 
253 mA h g− 1 at 0.2 A g− 1 after 100 cycles and a rate performance of 
173 mA g− 1 at 2.0 A g− 1 when used as anodes for PIBs [15]. Wang et al. 
constructed the porous Mn-Fe-Se adhered/inserted with interlaced CNTs 
(denoted as Mn-Fe-Se/CNTs), and the material exhibits an excellent long 
term cycle stability of 141 mA h g− 1 after 70 cycles at 0.05 A g− 1 [16]. 
Nevertheless, most TMS materials still inevitably suffer from sluggish 
kinetics behavior and severe structural collapse/easy pulverization 
during the repeated insertion/extraction of large K+, presenting poor 
electrochemical performance [17]. Obviously, designing anode mate
rials with the ability to adopt the volume stress and ensure the structural 
integrity is the main challenge to achieve the high-performance potas
sium storage. Though nanosized active materials have been reported to 
effectively accelerate ion diffusion and alleviate volume stress during 
charging/discharging due to the short ion transport path and the full 
contact between electrolyte and active material, the nanoparticles are 
prone to agglomeration due to their high surface energy [18–20]. 
Fortunately, the strategy of space confinement engineering based on 

high-conductivity carbon materials with rich types has been demon
strated to address the issues of sluggish kinetics, agglomeration and 
structural collapse/pulverization of potassium-based anodes [21–23]. 
For example, Yang et al. fabricated CoSe2@C as the anode material for 
PIBs, in which the carbon group effectively alleviates the volume 
expansion during the insertion/extraction of K+, overcomes the particle 
agglomeration, and improves the stability of the electrode material [24]. 
Jia et al. prepared CuS nanosheets uniformly anchored on graphene 
oxide (CuS@GO), giving a specific capacity of 290.5 mA h g− 1 after 100 
cycles at 0.1 A g− 1 [25]. Nevertheless, it is challenging for conducting a 
single level of carbon confinement engineering to achieve highly active 
redox behaviors for PIBs. 

Herein, a multilevel spatial confinement strategy for zinc-cobalt 
bimetallic selenide (ZnSe/Co0.85Se@NC@C@rGO) is proposed to syn
thesize high-efficient anodes for PIBs by in-situ carbonizing and sele
nizing the resorcinol–formaldehyde (RF)-coated ZIF-8/ZIF-67 
encapsulated into two-dimensional (2D) graphene. This three- 
dimensional (3D) interconnected carbon network composed of N- 
doped carbon (NC), RF-derived carbon (C) and reduced graphene oxide 
(rGO) embedded with bimetallic selenides exhibits the following ad
vantages: (1) compared with monometallic selenides, bimetallic sele
nide of ZnSe/Co0.85Se is favored by the synergistic effect between ZnSe 
and Co0.85Se, exhibiting more redox potential and higher electronic 
conductivity; (2) the highly porous carbon derived from ZIF-8/ZIF-67 
provides the space with a certain volume margin for alleviating the 
volume stress induced by the repeated insertion/extraction of large 
potassium ions, presents rich channels for ion/electron transfer, and 
promotes the full penetration of electrolyte and the exposure of active 
sites for electrochemical reaction; [26] (3) the rigid skeleton arising 
from the coating layer of the RF ensures the structural integrity of anode 
material and avoids the structural collapse after long-term cycling; (4) 
the triple-carbon confinement strategy inhibits the agglomeration and 
pulverization of active nanoparticles, while the 3D network composed of 
graphene, porous carbon and RF-derived carbon shell accelerates the 
electron/ion transfer and promotes the electrochemical reaction ki
netics. Consequently, the as-synthesized ZCS@NC@C@rGO composite 
exhibits excellent electrochemical properties: a high initial specific ca
pacity of 863 mA h g− 1 at 0.1 A g− 1, an excellent rate capability of 203.9 
mA h g− 1 at 5 A g− 1 and an outstanding long-term cycling performance 
of 234 mA h g− 1 after 2000 cycles. 

Fig. 1. Schematic illustration of the synthesis process of ZnSe/Co0.85Se@NC@C@rGO composite.  
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2. Results and discussion 

The synthesis process of the ZSC/NC@C@rGO composites is shown 
in Fig. 1. All experimental details are provided in Supporting Informa
tion. Firstly, the bimetallic MOFs microcubes of ZIF-8/ZIF-67 are syn
thesized by a simple co-precipitation method. Subsequently, RF polymer 
is uniformly coated on the surface of the ZIF-8/ZIF-67 microcubes (ZIF- 
8/ZIF-67@RF). After freeze-dried, the ZIF-8/ZIF-67@RF and graphene 
are cross-linked to form a 3D skeleton (ZIF-8/ZIF-67@RF@GO). Finally, 
the 3D network of the ZCS@NC@C@rGO is synthesized by in-situ 
carbonizing and selenizating the ZIF-8/ZIF-67@RF@GO. 

The prepared ZIF-8/ZIF-67 microcrystals exhibit distinct diffraction 
peaks (Figure S1), which is consistent with the previous report [27]. 
Fig. 2a shows the powder X-ray diffraction (XRD) patterns of the 
ZNS@NC, ZCS@NC@C and ZCS@NC@C@rGO, where all the diffraction 
peaks are well indexed to the standard cards of ZnSe (JCPDS No. 37- 
1463) and Co0.85Se (JCPSD No. 52-1008). The X-ray photoelectron 
spectroscopy (XPS) is used to verify the chemical compositions and 
surface valence states of the ZCS@NC@C@rGO. From Fig. 2b, the ele
ments of Zn, C, Se, C, N and O are detected in the ZCS@NC@C@rGO. 
The high-resolution Zn 2p spectrum in Fig. 2c shows two peaks at 1022 
and 1045 eV, corresponding to 2p3/2 and 2p1/2 of Zn, respectively [28]. 
As shown in Fig. 2d, the two photoelectron peaks at 782.2 eV and 
801.75 eV can be attributed to Co2+ with Co 2p3/2 and Co 2p1/2, while 
the other two peaks at 780.25 and 796.04 eV can be ascribed to Co3+

with Co 2p3/2 and Co 2p1/2, respectively [29,30]. The high-resolution Se 

3d spectrum in Fig. 2e shows that the peaks at 54.36 and 55.5 eV can be 
assigned to Se 2d5/2 and Se 2d3/2, respectively; [31,32] and the peak at 
59.13 eV may be related to Se-O, which can be attributed to the slight 
oxidation of the surface of the sample [33]. The fitting result of the high- 
resolution N 1s spectrum shows the presence of pyridine-like N (398.6 
eV), pyrrole-like N (401.0 eV) and graphite-like N (403.5 eV) in the 
ZSC@NC@C@rGO (Fig. S2a), demonstrating the successful doping of 
nitrogen [34]. The introduction of N element not only accelerates the 
ion transport rate but also enhances the electron-donating capability of 
carbon microcubes. The C 1s spectrum of the ZCS@NC@C@rGO is 
shown in Fig. S2b. The peak at 283.6 eV is attributed to C––C, while the 
other two peaks are associated with C––N (284.8 eV) and C–N (286.2 
eV), respectively [35,36]. The thermogravimetric analysis (TGA) result 
in Fig. 2f shows that the total content of carbon is 34.31% for the 
ZCS@NC@C@rGO. The Raman spectra of the ZCS@NC, ZCS@NC@C 
and ZCS@NC@C@rGO in Fig. 2g show two peaks at 1350 and 1594 
cm− 1, which are the characteristic peaks of sp3 hybridized disordered 
carbon (D band) and sp2 hybridized graphitic carbon (G band) [37], 
respectively. As shown in Fig. 2h, the adsorption/desorption isotherm of 
N2 for the ZCS@NC@C@rGO shows a typical type-IV curve with H2 
hysteresis loop [38], exhibiting rich mesopores (Fig. 2i). Meanwhile, the 
ZCS@NC@C@rGO shows a very large Brunauer-Emmett-Teller (BET) 
specific surface area of 232.51 m2 g− 1, which is much larger than that of 
the ZCS@NC@C (182.42 m2 g− 1) and ZCS@NC (160.93 m2 g− 1). Fig. 2i 
shows that the ZCS@NC, ZCS@NC@C and ZCS@NC@C@rGO all have 
abundant pore structures. The rich pore system and large specific surface 

Fig. 2. (a) XRD patterns of ZCS@NC, ZCS@NC@C and ZCS@NC@C@rGO; (b) XPS spectrum of ZCS@NC@C@rGO; (c-e) High-resolution XPS spectra of (c) Zn 2p, (d) 
Co 2p and (e) Se 3d in ZCS@NC@C@rGO; (f) TGA profile of ZCS@NC@C@rGO; (g) Raman spectra of ZCS@NC, ZCS@NC@C and ZCS@NC@C@rGO; (h) Nitrogen 
adsorption desorption isotherms of ZCS@NC@C@rGO, ZCS@NC@C and ZCS@NC; (i) Pore size distributions of ZCS@NC@C@rGO, ZCS@NC@C and ZCS@NC. 
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of the ZCS@NC@C@rGO provide a buffering effect to mitigate the 
volume expansion during the K+ embedding/de-embedding and present 
more active sites for the migration of K+. 

Fig. 3a-d show the scanning electron microscopy (SEM) images of the 
precursors and as-fabricated materials. As shown in Fig. 3a, the ZIF-8/ 
ZIF-67 nanoparticles possess smooth surface and uniform particle sizes 
with an average size of 350 nm. In Fig. 3b, after coated with RF, the 
morphology of the ZIF-8/ZIF-67 is well maintained, but the surface 
becomes slightly rough. Fig. 3c demonstrates that the ZIF-8/ZIF-67@RF 
microcubes have been encapsulated into 2D graphene foam via the 
freeze-drying technique. After the annealing and selenization treatments 
(Fig. 3d and 3e), the materials become slightly small, but their mor
phologies are still well-maintained. In contrast, the ZCS@NC exhibits 
the irregular morphology (Fig. S3a). Obviously, the RF-derived carbon 
layer provides a rigid skeleton to avoid the structural collapse of the 
material during high-temperature treatments. The transmission electron 

microscopy (TEM) images of the ZCS@NC@C@rGO are shown in Fig. 3f 
and S3b. From the high-resolution TEM images (Fig. 3h and 3i), the 
lattice stripe spacings of 0.259 nm and 0.200 nm are well attributed to 
the (101) plane of Co0.85Se and the (220) plane of ZnSe, respectively. It 
can be seen that the ZnSe/Co0.85Se nanoparticles are uniformly encap
sulated into a double-shell carbon consisting of N-doped carbon derived 
from the ligand of ZIF-8/ZIF-67 and RF-derived carbon, while ultrathin 
graphene sheets are uniformly covered on the surface of the microcubes. 
The selected area electron diffraction (SAED) pattern (Fig. 3j) reveals 
the polycrystalline features of the ZCS@NC@C@rGO, where two 
diffraction rings well match with the (102) and (102) crystallographic 
planes of Co0.85Se, and the other two rings correspond to the (311) and 
(111) crystallographic planes of ZnSe. The element mapping images and 
energy dispersive X-ray (EDX) spectrum of the ZCS@NC@C@rGO 
demonstrate that the elements of C, N, Zn, Co and Se are uniformly 
distributed in the ZCS@NC@C@rGO composites (Fig. 3k and S4). 

Fig. 3. Morphology and microstructure characterizations: SEM images of (a) ZIF-8/ZIF-67, (b) ZIF-8/ZIF-67@RF, (c) ZIF-8/ZIF-67@RF@GO, (d) ZCS@NC@C, (e) 
ZCS@NC@C@rGO; (f) TEM image, (h, i) HRTEM images, (j) SAED image, and (k) elemental mapping images of ZCS@NC@C@rGO. 
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To demonstrate the advantages of the ZCS@NC@C@rGO as the 
anode material for PIBs, the electrochemical properties of the ZCS@NC, 
ZCS@NC@C and ZCS@NC@C@rGO are evaluated and the results are 
shown in Fig. 4. The cyclic voltammetry profiles of the 
ZCS@NC@C@rGO for the first three cycles at 0.1 mV s− 1 in the voltage 
range of 0.1–3.0 V are presented in Fig. 4a. In the first cathodic scan, a 
distinct cathodic peak is observed at 0.956 V and disappears in the 
subsequent cycles, which can be ascribed to the formation of a stable 
solid-electrolyte interphase (SEI) film on the electrode surface. The 
smaller peak in the range of 0.9 to 0.1 V corresponds to the reactions 
related to the reduction of ZnSe to the Zn metal and the further alloying 
of Zn to KZn13 and the conversion of Co0.85Se to Co metal. Similarly, in 
the first anodic scan, an oxidation peak appears at 1.704 V, which is 
associated with the dealloying of KZn13 to form Zn and the reaction of Zn 
with K2Se to form ZnSe, while the oxidation peak at 1.998 V corresponds 
to the recovery of Co0.85Se from Co metal and K2Se. [35,39,40,44] In the 
subsequent second and third cathodic scans, the cathodic peak shifts to 
higher potential, which may be due to the electrochemical activation 
process. In addition, the second and third CV curves of the 
ZCS@NC@C@rGO are highly coincident, indicating good reversibility 
of the active material. Fig. 4b shows the cyclic performance of the 
ZCS@NC, ZCS@NC@C and ZCS@NC@C@rGO at 0.1 A g− 1. Obviously, 
the ZCS@NC@C@rGO exhibits much better cyclic performance than the 
other two electrodes, delivering the large capacity of 402.5 mA h g− 1 

after 100 charge/discharge cycles (ZCS@NC: 250.5 mA h g− 1; 
ZCS@NC@C: 298.4 mA h g− 1). Fig. 4c shows the charge/discharge 
curves of ZCS@NC@C@rGO at the 2nd, 3rd, 50th and 100th cycles, 

while the charge/discharge curves of the ZCS@NC and ZCS@NC@C are 
displayed in Fig. S5a and S5b, respectively. The curves in Fig. 4c show 
smooth slopes, which is consistent with the redox behavior in the CV 
results. Fig. 4d shows the rate performance of the three electrodes. For 
the ZCS@NC@C@rGO, the specific capacities of 422.2, 361.3, 335.2, 
308.7, 281.7 and 203.9 mA h g− 1 are observed at 0.1, 0.2, 0.5, 1, 2 and 5 
A g− 1, respectively, while the capacity is recovered to 408.4 mA h g− 1 

when the current density is restored to 0.1 A g− 1. This indicates that the 
unique multilevel carbon confinement of the ZCS@NC@C@rGO offers 
fast ion/electron transport channels, which effectively improves the rate 
performance of the electrode [41]. Fig. 4e, S5c and S5d show the 
charge/discharge curves of the ZCS@NC@C@rGO, ZCS@NC and 
ZCS@NC@C at different current densities. Clearly, the 
ZCS@NC@C@rGO possesses much better rate performance than the 
ZCS@NC and ZCS@NC@C. From Fig. 4f, S6 and Table S1, our proposed 
ZCS@NC@C@rGO anode exhibits excellent electrochemical properties, 
which is comparable to the recent reported anodes for PIBs [42–50]. The 
long-term cycling curves of the ZCS@NC, ZCS@NC@C and 
ZCS@NC@C@rGO at 2 A g− 1 are shown in Fig. 4g. As expected, the 
ZCS@NC@C@rGO anode still delivers a very high reversible specific 
capacity of 234 mA h g− 1 after 2000 cycles, whereas the specific ca
pacities of ZCS@NC and ZCS@NC@C C anodes drop to 93.6 mA h g− 1 

and 72.7 mA h g− 1 after 2000 cycles, respectively. Figure S7 also shows 
that the ZCS@NC@C@rGO basically maintains the micromorphology of 
micorcubes after the long-term cycles. Obviously, our designed multi
level carbon-confined micromorphology effectively mitigates volume 
expansion and reduces potassium storage stress as well as avoids 

Fig. 4. (a) CV profiles of ZCS@NC@C@rGO at 0.1 mV s− 1; (b) Cyclic performance of ZCS@NC, ZCS@NC@C and ZCS@NC@C@rGO at 0.1 A g− 1; (c) Galvanostatic 
discharge/charge curves of ZCS@NC@C@rGO at 0.1 A g− 1; (d) Rate properties of ZCS@NC, ZCS@NC@C and ZCS@NC@C@rGO between 0.1 and 5 A g− 1; (e) 
Galvanostatic discharge/charge curves of ZCS@NC@C@rGO at different current densities; (f) Comparison of the electrochemical performance of ZCS@NC@C@rGO 
with the reported advanced anodes; and (g) Long-term cycling curves of ZCS@NC, ZCS@NC@C and ZCS@NC@C@rGO at 2 A g− 1. 
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crushing and pulverization of the electrode, leading to excellent long 
cycle stability of the ZCS@NC@C@rGO. The outstanding electro
chemical performance of the ZCS@NC@C@rGO is attributed to the 
synergistic effect of bimetallic selenides and the unique three-carbon 
confinement microstructure. 

To evaluate the kinetic processes of the ZCS@NC, ZCS@NC@C and 
ZCS@NC@C@rGO anode, CV tests are performed at scan rates from 0.2 
to 1.2 mV s− 1. As shown in Fig. 5a, the cathodic peaks of the 
ZCS@NC@C@rGO slightly shift towards low potentials, while the 
anodic peaks slightly shift towards high potentials with the increasing 
scan rate. The CV curves of the ZCS@NC and ZCS@NC@C at different 
sweep rates are shown in Figures S8a and S8b, respectively. In general, 
the equation i = avb is used to describe the relationship between the 
peak (i) and the scan rate (v), where the value of a can be determined 
from the slope of the linear fit of log(i) and log(v) [51,52], and the value 
of b implies the contribution of either the diffusion of K+-ions (if b = 0.5) 
or the surface capacitance (if b = 1.0), respectively [53,54]. From the 
fitted curves in Fig. 5b, the values of b associated to Peaks 1 to 4 of the 
CV curves are calculated as 0.887, 0.855, 0.758, and 0.805, respectively, 
indicating that the capacity of the ZCS@NC@C@rGO is jointly deter
mined by the diffusion control process and the pseudocapacitive control 
process. According to the fitting curves in Figures S8c and S8d, the b 
values of the ZCS@NC corresponding to the 1st to 4th peaks of CV curves 
are calculated to be 0.8224, 0.8289, 0.6583 and 0.674, respectively, 
while the b values of the ZCS@NC@C are 0.8754, 0.8115, 0.6998 and 

0.6612, respectively. The proportion of the pseudocapacitance contri
bution can be determined by the equation i = k1v+k2v0.5 [55], where 
k1v and k2v0.5 represent the pseudocapacitance and diffusion control 
processes, respectively. By integrating the CV curves (Fig. 5c, and S9a 
and b), when the scan rate reaches 0.8 mV s− 1, the capacitance contri
bution accounts for 81.94% of the total capacity of the 
ZCS@NC@C@rGO. On the other hand, the capacitance contributions of 
the ZCS@NC and ZCS@NC@C only account for 38.56% and 77.66% of 
the total capacity, respectively, at the same scan rate. Clearly, the high 
pseudocapacitance contribution mainly originates from the multilevel 
carbons and the synergistic interaction between metallic selenides [56]. 
As shown in Fig. 5d, the capacitance contributions of the 
ZCS@NC@C@rGO are 71.6%, 75.6%, 78.9%, 81.9%, 84.7% and 86.7% 
at the scan rates of 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 mV s− 1, respectively, 
while Figure S9c and d show that the ZCS@NC@C possesses larger 
capacitive contributions than the ZCS@NC but lower contributions than 
the ZCS@NC@C@rGO at different scan rates. The great involvement in 
the capacitive behavior for the ZCS@NC@C@rGO can be attributed to 
the large surface area and abundant active sites in the triple-carbon 
spatial confined framework. The Nyquist plots for the ZCS@NC, 
ZCS@NC@C and ZCS@NC@C@rGO electrodes are shown in Fig. 5e, in 
which the interfacial resistance (Rf) and charge transfer resistance (Rct) 
of the ZCS@NC@C@rGO are smaller than those of the ZCS@NC and 
ZCS@NC@C, indicating that the transport rate of potassium ions is 
faster in the ZCS@NC@C@rGO due to the high electronic conductivity 

Fig. 5. (a) CV curves of ZCS@NC@C@rGO at different scan rates; (b) Relationship between log v and log i for ZCS@NC@C@rGO; (c) Capacitive contribution for 
ZCS@NC@C@rGO at 0.8 mV s− 1; (d) Percentages of capacitance-controlled behavior to the total capacity for ZCS@NC@C@rGO at various scan rates; (e) Nyquist 
plots for ZCS@NC, ZCS@NC@C and ZCS@NC@C@rGO electrodes; (f) GITT curves for ZCS@NC, ZCS@NC@C and ZCS@NC@C@rGO; (g) Detailed voltage response 
in a onefold current pulse process; DK

+ in (h) discharge and (i) charge processes for ZCS@NC, ZCS@NC@C and ZCS@NC@C@rGO. 
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of the carbon layer and graphene, which greatly accelerates the elec
trochemical reaction kinetics. To further investigate the diffusion ki
netics, the K+ diffusion coefficients (DK

+) of the ZCS@NC, 
ZCS@NC@C@rGO and ZCS@NC@C are determined by a constant cur
rent intermittent titration (GITT) technique using the following equation 
[57]: 

DK+ =
4L2

πτ

(
ΔES

ΔEt

)2

(1)  

where τ is the current pulse time (s), ΔES is the deviation of each equi
librium voltage, ΔEt is the deviation voltage during the current pulse, 
and L is the average thickness of electrode. Fig. 5f shows the GITT curves 
for the ZCS@NC and ZCS@NC@C and ZCS@NC@C@rGO in the voltage 
range of 0.1–3.0 V. As shown in Fig. 5g, the parameters used to calculate 
DK
+ can be obtained from the single-step GITT measurements, and the 

corresponding values of DK
+ for the discharge and charging processes are 

shown in Fig. 5h and 5i, respectively. Clearly, the DK
+ values of the 

ZCS@NC@C@rGO are much higher than those of the ZCS@NC and 

ZCS@NC@C in both processes, indicating a faster electrochemical re
action kinetic behavior. 

To further reveal the electrochemical mechanism of the potassifica
tion/depotassium process, the crystal structures of the 
ZCS@NC@C@rGO at different charge/discharge states are investigated 
by ex-situ XRD. As shown in Fig. 6a, in the initial state, four distinct 
peaks can be observed at 27.09, 45.03, 53.41, 33.33 and 44.95◦, which 
are ascribed to the ZnSe ((111), (220) and (331) planes) and Co0.85Se 
((101) and (102) planes), respectively. The characteristic peaks of ZnSe 
and Co0.85Se disappear when discharging to 0.9 V and 0.4 V. When 
discharged to 0.1 V, the diffraction peaks at 29.59, 30.42, 36.48, 38.62 
and 40.34◦ are consistent with the characteristic diffraction peaks of 
(004) and (024) planes of KZn13, (002) plane of Zn, (311) plane of 
K2Se and (100) plane of Co, respectively. The disappearance of the 
Co0.85Se peak indicates that the Co0.85Se has been converted to Co and 
K2Se, meanwhile, the disappearance of the ZnSe peak indicates that the 
conversion reaction has occurred before the alloying reaction to form 
KZn13 and K2Se. When charged to 2.2 V, the diffraction peak of K2Se 
disappears, indicating that the conversion-alloy reaction occurs between 

Fig. 6. (a) Ex-situ XRD patterns of ZCS@NC@C@rGO electrode at various charge-discharge states during the third charge-discharge process (I: initial state; II: 
discharged to 0.9 V; III discharged to 0.4 V; IV: discharged to 0.1 V; V: charged to 1.8 V; VI: charged to 2.2 V; VII: charged to 3 V); Ex-situ XPS spectra of (b) Co 2p and 
(c) Zn 2p at different charge/discharge states for ZSC@NC@C@rGO electrode; and (d) Potassium storage mechanism of ZCS@NC@C@rGO. 
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1.8 and 2.2 V. At a full charge of 3 V, the diffraction peaks correspond to 
Co0.85Se (JCPDS No. 52–1008) and ZnSe (JCPDS No. 37-1463), 
respectively. It should be noted that the diffraction peaks are similar 
when discharged to 0.9 V/charged to 2.2 V and discharged to 0.4 V/ 
charged to 1.8 V, indicating the high reversibility of the insertion and de- 
insertion reactions of K+. To further understand the reaction mecha
nism, we perform ex-situ XPS tests on the ZCS@NC@C@rGO. Fig. 6b 
shows the high-resolution Co 2p XPS spectra at different charging and 
discharging states. The peaks of Co3+ 2p3/2 and Co2+ 2p3/2 gradually 
diminish as the discharge proceeds, and the peak of Co0 2p3/2 appears at 
778.0 eV when discharged to 0.1 V, indicating the reduction of Co0.85Se 
to Co metal during the insertion of K+. As the charging process proceeds, 
the peak of Co0 2p3/2 gradually diminishes, and when charged to 3.0 V, 
the peaks of Co3+ 2p3/2 and Co2+ 2p3/2 are almost identical to the 
original state, corresponding to the Co in Co0.85Se. Fig. 6c shows the 
high-resolution Zn 2p XPS spectra at different charging and discharging 
states. In the initial state, two main peaks are observed at 1022.0 eV and 
1045.1 eV, corresponding to Zn 2p3/2 and Zn 2p1/2, respectively. When 
discharged to 0.1 V, Zn 2p3/2 (1021.8 eV) and Zn 2p1/2 (1044.8 eV) are 
the two main peaks attributed to the fully potassiumized state of the 
metal, indicating that the conversion-alloying reaction from Zn2+ to the 
KZn13 alloy has occurred. When charged to 3.0 V, i.e., complete 
depotassium, the peaks of Zn 2p3/2 and Zn 2p1/2 are almost identical to 
their original states, corresponding to the Zn in the ZnSe. Fig. 6d shows 
the mechanism of a reversible conversion-alloying reaction of the active 
material of ZnSe/Co0.85Se during potassium storage, which can be 
described as: 

ZnSe+ 2K+ + 2e− ↔ Zn+K2Se (2)  

13Zn+K+ + e− ↔ KZn13 (3)  

Co0.85Se+ 2K+ + 2e− ↔ 0.85Co+K2Se (4) 

The results indicate that the high capacity of the conversion-alloying 
reaction and the more active centers provided by the bimetallic selenide 
favor the efficient and reversible potassium storage process in the 
ZCS@NC@C@rGO. 

3. Conclusion 

In summary, we have proposed a multilevel spatial confinement 
strategy for the synthesis of high-performance anodes (ZnSe/ 
Co0.85Se@NC@C@rGO) for PIBs by in-situ carbonization and seleniza
tion of RF-coated ZIF-8/ZIF-67 encapsulated into two-dimensional gra
phene. The micromorphology of 3D interconnected carbon network 
embedded with bimetallic selenides exhibits the unique advantages: (1) 
the porous carbon microcubes and carbon shell provide rich channels for 
ion/electron transfer and space with a certain volume margin for alle
viating the effects of volume change and inhibiting the agglomeration of 
active material, and present a rigid skeleton to ensure the structural 
stability of the material, and (2) the 3D carbon network enhances the 
electron/ion transfer rate and electrochemical reaction kinetics of the 
material. Due to the efficient multilevel spatial carbon confinement, the 
ZnSe/Co0.85Se@NC@C@rGO possesses the excellent potassium storage 
performance: a good rate performance of 203.9 mA h g− 1 at 5 A g− 1 and 
a brilliant long-term cycling performance of 234 mA h g− 1 after 2000 
cycles. The investigations on ex-situ XRD and XPS of the material reveals 
that the intercalation/de-intercalation of K+ proceeds through the 
conversion-alloying reaction. The present work opens up a new path for 
the rational construction of advanced anodes for PIBs and provides new 
insights into the storage mechanism of K+ for transition metal selenides. 
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