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Introduction

A CoSe,-based 3D conductive network for high-
performance potassium storage: enhancing
charge transportation by encapsulation and
restriction strategyf

Jing Zhao,#* Hu Wu,#° Long Li,? Shiyao Lu,° Heng Mao® and Shujiang Ding ) *2

Potassium-ion batteries (PIBs) are expected as a supplement for lithium-ion batteries (LIBs) due to the
abundant potassium resource and low cost. However, the large radius of the potassium ion hinders the
ion transport dynamics and structural stability of the electrode material. Herein, a sandwich-like
CoSe,@NC/rGO composite is successfully synthesized by a two step co-precipitation and pyrolysis/
selenization method. Taking full advantage of this unique 3D structure, the electronic conductivity of
CoSe,@NC/rGO-5 is about 20 times higher than that of CoSe,@NC, and the specific surface area of
CoSe,@NC/rGO-5 is about 6 times higher than that of CoSe,@NC, which provides sufficient reactive
sites. Moreover, the empty space between graphene layers can effectively alleviate the volume
expansion and prevent the peeling of the active material during cycling. As a consequence, the as-
prepared CoSe,@NC/rGO-5 anode exhibits high reversible capacity (527.5 mA h g~t at 0.1 A g%), good
cycle stability (226 mA h gt at 0.5 A g~ after 400 cycles) and enhanced rate capability (206 and
157 mA h g ' at 5 and 10 A g7, respectively). A two-step reaction process from CoSe, to K»CoSe, to
K>Se during discharging is confirmed by ex situ TEM and ex situ XPS. This work provides a facile
approach to prepare high-performance electrodes with a 3D conductive network, and further deepens
the understanding of the evolution of CoSe; in the potassium storage process.

Stokes radius (K: 3.6 A; Na: 4.6 A) of the potassium ion means
higher ionic conductivity in organic electrolytes.™'” Therefore,

In recent years, lithium-ion batteries (LIBs) have been widely
used in electronic products, electric vehicles, and large-scale
energy storage systems due to the high power/energy density,
low self-discharge, high voltage and long cycle life."”” However,
LIBs suffer from lithium resource shortage and high costs,
restricting their application in the large-scale energy storage
field.* " Due to their abundant reserves and low price, sodium-
ion batteries (SIBs) and PIBs have been widely considered by
the academic community.">™*> The standard electrode potential
of PIBs (—2.93 V vs. SHE) is lower than that of SIBs (—2.71 V vs.
SHE), indicating the higher working voltage and energy
density."®" In addition, the weak Lewis acidity and small
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PIBs are considered as a supplement for lithium-ion batteries
for next generation energy storage systems.

However, the larger radius of the potassium ion will destroy
the structure of host materials and limit the ion transport
kinetics, which makes it a challenge to design high-
performance anodes for PIBs.'®?°>* Although commercial
graphite can be used as the PIB anode, its low theoretical
specific capacity (279 m A h g7') is not suitable for meeting
the requirements of a commercial potassium ion battery
anode.®** And the metal oxide suffers from poor cycle stability
and low specific capacity.”"*>*® Alloying-type anodes have
higher specific capacity, but the volume expansion is extremely
serious (e.g., ~681% for Sn,P;).>” Chalcogenides have attracted
extensive attention due to their high capacity, abundant
resources and low price.”***° In particular, since the conductivity
of selenium (1 x 107° S m™ ') is more than 20 orders of
magnitude higher than that of sulfur (5 x 10°° S m™ %),
transition metal selenides are expected to be promising anodes
for PIBs.'® However, selenides confront a certain degree of
volume change during the charging-discharging process.
Reasonable structural design is an effective way to buffer the
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volume change of the electrode material and improve its cycle
stability. Li’s group prepared VS, nanosheet assemblies with a
few atomic layers thickness as a PIB anode, enabling the rapid
and durable storage of K'. The unique 3D hierarchical structure
fully exposed their large surface areas and the open space
between nanosheets and effectively buffered the volume
change during repetitive cycling.’’ Lu’s group successfully
synthesized a spherical MoSe,/N-doped carbon composite
which still has a capacity of 258.02 mA h g~ " after 300 cycles
at 100 mA g~ ', while the capacity of bare MoSe, begins to decay
rapidly after 100 cycles.>” Although these methods can solve
some problems separately, a unique structural design with
simple preparation and low energy consumption is what is
most needed. And it is important that this structure can not
only improve the electrical conductivity of the material, but also
buffer the problem of poor circulation performance, resulting
in volume changes, and improve the specific capacity of the
electrode material.

Herein, we propose a novel and simple method for the
preparation of a double carbon sandwich structure
CoSe,@NC/rGO-x (x = 0, 1, 5, and 10; the percentage by weight
of GO) derived from a Metal-Organic Framework (MOF). In the
sandwich structure, the N-doped carbon matrix (NC) from the
pyrolysis of organic ligands is encapsulated by ultrafine CoSe,
particles and combined with graphene to form a 3D conductive
network. Benefiting from the unique structure, the as-prepared
CoSe,@NC/rGO-5 anode exhibits high reversible capacity
(527.5 mAh g 'at 0.1 Ag "), good cycle stability (226 mA h g~ "
at 0.5 A g~ ' after 400 cycles) and high-rate capability. Even
at a high current density of 10 A g, a specific capacity of
175 mA h g ' can be maintained. This excellent electro-
chemical performance is mainly attributed to the unique
double carbon sandwich structure, which has the following
advantages: (i) the 3D conductive network improves the
electronic conductivity (4.6802 x 10° S em™* for CoSe,@NC/
rGO-5 and 2.3767 x 10° S cm ™' for CoSe,@NC in Table S1,
ESIt) and shortens the ion transport distance; (ii) the large
specific surface area increases the reactive sites; (iii) the inter-
space between graphene layers can effectively alleviate the
volume expansion and peeling of the material during cycling.
Furthermore, a two-step reaction from CoSe, to K,CoSe, to K,Se

CoCl,
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Fig. 1 Schematic of the synthesis process of CoSe,@NC/rGO-x.
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during discharging is confirmed by ex-situ TEM/XPS, providing
a deeper understanding of the evolution of CoSe, in the
potassium storage process.

Results and discussion

A series of CoSe,@NC/rGO-x nanocomposites were synthesized
in this work, and the synthesis process of the sandwich
structure CoSe,@NC/rGO-x is schematically illustrated in
Fig. 1, including two steps: (1) a co-precipitation method was
employed to prepare the CoCoPBA@GO precursor; (2) through
a relatively mild pyrolysis/selenization process, the sandwich-
like CoSe,@NC/rGO-x composite was obtained. The NC on the
surface of CoSe, nanoparticles is generated by the pyrolysis of
the organic components in CoCoPBA and interconnected with
rGO to form a three-dimensional conductive network.

The morphology and microstructure of the samples were
characterized using a scanning electron microscope (SEM) and
high-resolution transmission electron microscope (TEM), as
shown in Fig. 2. The regular cube with a uniform size (100-
200 nm) and smooth surface of CoCoPBA is observed in Fig. 2b.
After selenization in a tubular furnace, CoCoPBA cubes are
converted to CoSe,@NC with a rough surface (Fig. S2a, ESIf).
Unfortunately, the regular cube structure is not maintained
well and collapses into particles after selenization. In order to
prevent the collapse and agglomeration of nanocubes and build
a conductive network, we conducted a GO wrapping strategy to
form a sandwich structure of CoCoPBA nanocubes evenly
distributed on GO sheets (Fig. S1, ESIT). Most of the original
cubic structure of CoCoPBA remains unchanged after selenization,
indicating that rGO can effectively alleviate structural collapse
during the heat treatment process (Fig. 2c and Fig. S2b, c, ESI}).
The TEM images in Fig. 2d and e show that the CoSe,@NC
nanocubes are tightly wrapped by rGO sheets and the thickness
of the NC layer is about 3.3 nm. The selected area electron
diffraction (SAED) patterns in Fig. 2f present the (110), (211) and
(311) diffraction rings of trogtalite Pn3 space CoSe, and the (101),
(120) and (211) diffraction rings of orthorhombic Pnnm space
CoSe,, confirming the successful formation of CoSe,. The clear
fringes with a spacing of 0.250 nm are consistent with the (120)

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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(a) Schematic illustration of CoSe,@NC/rGO-x. SEM images of (b) CoCoPBA and (c) CoSe,@NC/rGO-5. (d) TEM image, (e and g) high-resolution

TEM images and the corresponding interlayer spacing, (f) the SAED patterns and (h) element mapping of CoSe,@NC/rGO-5.
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Fig. 3
CoSe,@NC/rGO-5: (c) Co 2p, (d) Se 3d, (e) C 1s and (f) N 1s.
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(@) XRD patterns of CoSe,@NC and CoSe,@NC/rGO-5. (b) N, adsorption—desorption isotherms of CoSe,@NC/rGO-x. XPS spectra of
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crystal plane of orthorhombic phase CoSe, (Fig. 2g). The EDX
elemental mapping images further reveal the uniform distribution
of C, N, Co and Se elements in CoSe,@NC/rGO-5 in Fig. 2h.

The X-ray diffraction (XRD) patterns of CoCoPBA and
CoCoPBA@GO-5 are completely allocated to Coz(Co (CN)g),
(PDF # 22-0215) without any impurity peaks (Fig. S3, ESIT). As
shown in Fig. 3a, the characteristic peak of CoCoPBA precursor
disappears completely after selenization, which is replaced by
the mixed crystal phase of trogtalite phase CoSe, (Pn3, PDF #
09-0234) and orthorhombic phase CoSe, (Pnnm, PDF # 53-
0449), consistent with the SAED results. With the addition of
rGO, the observed broad peak at 26° can be attributed to the
(002) facet of rGO.*> When rGO was introduced into the
samples, two strong characteristic peaks at 1346 cm ™" (D band)
and 1585 cm "' (G band) appear in Raman spectra (Fig. S4a,
ESIt), which are attributed to the sp® and sp® vibration of
hybridized carbons.**** And the peaks at 188 cm™" and 672 cm™"
are attributed to the A;; and A, modes of CoSe,, while the three
minor bands at 469, 511 and 607 cm ™" are possibly associated
with the Eq, F(Z%g) modes and F(Zg modes of cobalt oxide caused
by surface oxidation.*> The nitrogen adsorption/desorption
isotherm and pore size distribution are shown in Fig. 3b and
Fig. S4b (ESIf). The specific surface areas of CoSe,@NC,
CoSe, @NC/rGO-1, CoSe,@NC/rGO-5 and CoSe,@NC/rGO-10
are 2.2, 11.0, 13.0 and 16.6 m”> g, respectively. Compared
with CoSe,@NC, CoSe,@NC/rGO composites have a larger
specific surface area and total pore volume. These results
suggest that the introduction of rGO is conducive to the
electrode reaction, thus accelerating ion diffusion, electron
transfer and electrolyte penetration. In addition, the content
of CoSe, in CoSe,@NC, CoSe,@NC/rGO-1, CoSe,@NC/rGO-5
and CoSe,@NC/rGO-10 is 98%, 92.3%, 86.9% and 57.8% by
thermogravimetric analysis (TGA) (Fig. S5, ESIt).

The chemical composition and surface electronic states of
the as-prepared CoSe,@NC/rGO-5 were characterized by X-ray
photoelectron spectroscopy (XPS) (Fig. 3c-f). The presence of
oxygen can be attributed to the air adsorption on the sample
surface or the COOH group on rGO, while the presence of N
mainly comes from CoCoPBA.>*® From the high-resolution
spectrum of Co 2p in Fig. 3c, two spin-orbit splitting peaks at
780.1 eV and 795.9 eV correspond to Co>* 2p;,, and Co>* 2p;,,.>*
The peaks at 785.5 eV and 802.0 eV are attributed to the
corresponding “satellite peaks”(*Sat.”).** The high-resolution
Se 3d spectrum in Fig. 3d shows three well-defined peaks at
55.7 eV, 54.9 eV and 59.5 €V, corresponding to the Se™ 3d;,,
Se™ 3ds;, and SeO,, respectively.>’® In the high-resolution
spectrum of C 1s (Fig. 3e), three peaks at 284.6 eV, 285.1 eV
and 287.2eV can be observed, which are attributed to C—C,
C-N and C-O bonds, respectively.”**° However, the C 1s
spectrum of CoSe,@NC (Fig. S7, ESIt) does not exhibit the
C-O signal, indicating no rGO in CoSe,@NC. The N 1s
spectrum of CoSe,@NC/rGO-5 (Fig. 3f) shows the coexistence
of graphite-N (398.4 eV), pyrrole-N (400.5 eV) and pyridine-N
(403.8 €V).*® The rich N-doping provides a large number of
exogenous defects and active centers to improve the electron/
ion transport in electrochemical reactions.
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Driven by the three-dimensional interconnected conductive
network between cubic particles and graphene sheets,
CoSe,@NC/rGO-x was assembled into the PIB as an anode
material, and its electrochemical performance was evaluated
using CR2025 coin-type cells. In order to fully demonstrate the
material properties, 1 M KFSI in EC/DEC (v/v, 1:1) and CMC
were selected as the appropriate electrolyte and binder by
matching the composites as prepared with different electrolytes
(0.8 M KPF, in EC/DEC (v/v, 1:1), 1 M KFSI in EC/DEC (v/v, 1:1)
and 2 M KFSI in EC/DEC (v/v, 1:1)) and binders (PVDF and
CMC), as shown in Fig. S8 (ESI{). Furthermore, by optimizing
the amount of rGO, the electrochemical performance of the
materials increased first and then decreased with the increase
of graphene content (Fig. S9 (ESIf) and Fig. 4d).

In order to clarify the mechanism of potassium storage, we
measured the cyclic voltammetry (CV) curves of the CoSe,@NC/
rGO-5 anode at a scan rate of 0.1 mV s™'. As shown in Fig. 4a,
three reduction peaks at 1.62, 0.71 and 0.35 V were observed in
the first cathodic scan. At the weak peak of 1.62 V, K" is initially
inserted into the CoSe,@NC/rGO-5 electrode. The unique spike
at 0.71 V can be attributed to the formation of the potassium
insertion product (K,CoSe,) and the solid electrolyte interface
(SEI) film. The peak at 0.35 V can be attributed to the full
conversion reaction from K,CoSe, to Co and K,Se. In the first
anodic scan, the two oxidation peaks observed at 1.87 V and
2.42 V are related to the regeneration of CoSe,. In the next
scans, CV curves almost coincide, indicating the excellent
electrochemical reversibility of CoSe,@NC/rGO-5. The charge-
discharge curves at a current density of 100 mA g ' of
CoSe,@NC/rGO-5 are shown in Fig. 4b. The voltage platform
of the charge-discharge curve is consistent with the CV curves.
The initial discharge capacity is 720 mA h g~ ' with a high initial
Coulombic efficiency (CE) of 72.6%. Only 27.4% of the irrever-
sible capacity is lost, much lower than that of CoSe,@NC
(Fig. S9 (ESIt), 44.4% irreversible capacity loss). The generation
of irreversible capacity is mainly caused by the formation of an
SEI and the irreversible electrochemical processes.!

As we all know, cycling performance is crucial for rechargeable
PIBs, due to the structural failure caused by repeated insertion/
extraction of the large K'. Fig. 4d compares the cycle stability of
CoSe,@NC and CoSe,@NC/rGO-x at 100 mA g’l. The electrode
based on CoSe,@NC delivers a capacity of 282.5 mA h g " in the
third cycle, and maintains 236.4 mA h g~" with 83.7% capacity
retention after 100 cycles. The discharge capacity of CoSe,@NC/
rGO-1, CoSe,@NC/rGO-5 and CoSe,@NC/rGO-10 based PIBs in
the third cycle is 328, 527 and 412 mA h g%, respectively. After
100 cycles, the remaining capacity is 308, 521 and 336 mA h g™ *,
respectively, and capacity retention rates are 93.3%, 98.8% and
81.5%. Obviously, the CoSe,@NC/rGO-5 electrode has the highest
specific capacity and capacity retention rate, due to the synergistic
effect of CoSe,@NC and rGO. In addition, CoSe,@NC/rGO-5
exhibits a reversible capacity of 226 mA h g~ " at 0.5 A g~ " after
400 cycles (Fig. 4e). However, the capacity of CoSe,@NC decays to
tens after 200 cycles at a current density of 0.5 A g~ . Therefore, it
is speculated that there may be serious structural aberrations in
the process of potassiation/depotassiation of CoSe,. The sandwich

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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cycles.

structure of CoSe,@NC/rGO-5 is beneficial to prevent CoSe,
particles from detaching from the electrode for the volume
change during cycling (Fig. 4f and Fig. S13, ESIf). From the
SEM images of CoSe,@NC and CoSe,@NC/rGO-5 electrodes after
50 cycles, it was found that the cubes of the CoSe,@NC electrode
had basically scattered into small particles after charging and
discharging processes. The poor contact between conductive
carbon black and crushed active material leads to the serious
capacity loss of CoSe,@NC. For CoSe,@NC/rGO-5, the cubes are
coated by graphene and retain the bulk, resulting in good
electronic contact with the collector and good cycle stability.
Moreover, compared with other reported transition metal
compounds (Table S2, ESIt), CoSe,@NC/rGO-5 shows higher
specific capacity and cycle stability. This is mainly caused by the
special three-dimensional conductive structure with a large space
and multiple microchannels, which effectively buffers volume

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

changes and improves charge transfer. Therefore, this structural
optimization leads to the increase of capacity and stability.
Electrochemical impedance spectroscopy (EIS) at the open
circuit voltage (OCV) of CoSe,@NC/rGO-5 and CoSe,@NC
electrodes was performed (Fig. S10, ESIt). In Nyquist plots,
the intercept of the high frequency region and the real axis, the
semicircle of the high frequency region and the diagonal line of
the low frequency region correspond to the internal resistance
(Rs), the interface charge transfer resistance (R.) and
the Warburg resistance related to K' diffusion, respectively.
The Ry and R, of CoSe,@NC/rGO-x electrodes are smaller than
those of CoSe,@NC electrodes. The CoSe,@NC/rGO-5 electrode
exhibits the smallest R, value, which can be attributed to the
improved conductivity of the 3D network and the enhanced
charge transfer kinetics enabled by the rich reactive sites.
Besides, from the EIS curve of cycled electrodes (Fig. S10b,

Mater. Chem. Front., 2021, 5, 5351-5360 | 5355
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ESIT), it can be seen that the semicircle diameter of the
electrode in the high frequency field decreases after 50 cycles,
which indicates that the charge transfer in the electrode
becomes faster and its ion/electron conductivity increases
rapidly after cycling. The minimum semicircle of the
CoSe,@NC/rGO-5 anode at high frequency indicates that the
ion/electron conductivity of the electrode is the highest.

The rate performance of CoSe,@NC and CoSe,@NC/rGO-5
is shown in Fig. 4c. CoSe,@NC/rGO-5 shows excellent rate
performance in the range of 0.1 to 10 A g™, providing reversible
specific capacities of 543, 476, 408, 339, 294, 259, 206 and
157 mAh g ' at 0.1, 0.15, 0.25, 0.5, 1, 2, 5 and 10 A ¢ '. When
the current density returns to 0.1 A g ', the capacity of the
battery shows almost no decline compared to the original,
showing impressive reversibility. The excellent rate perfor-
mance can be observed more clearly in charge-discharge curves
under different current densities (Fig. S11, ESIT).

CV tests were carried out at different scanning speeds (0.2-
1.0 mV s~ ") to understand the better rate performance of the
CoSe,@NC/rGO-5 electrode, and the curves show similar
shapes at different scan rates, as shown in Fig. 5.

In general, the scanning rate (v) and the test current (i) are
subject to the following relationship:

i=a’ (1)

By simply transforming this eqn

logi = b-logv + loga (2)
a
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where both a and b are adjustable parameters and the value of b
is the slope of the linear relationship between logi and logv,
and its magnitude can represent the K* storage mechanism. b =
0.5 stands for that the electrode reaction is K* embedding/
stripping reaction, that is, diffusion process. b = 1 stands for
that the electrode reaction is a capacitive behavior, which is
controlled by the surface reaction and represents the capacitive
controlled process.

The slope b value of the redox peak calculated by the logi -
logv relationship in Fig. 5b is 0.72 (peak 1), 0.84 (peak 2) and
0.91 (peak 3) respectively, indicating that the kinetic process of
the electrode is mainly a capacitive controlled process.
In addition, the relative contributions from capacitive behavior
(kyv) and diffusion behavior (k,v"/?) at a fixed potential can be
obtained by the following equation:

i=kw+ k' (3)

By calculating the value of k,, the specific proportion of
capacitor storage in the whole electrochemical process can be
determined. According to the aforementioned method, when
the sweep is 0.8 mV s ', the contribution of the electrode
capacitance controlled process is 66% (Fig. 5¢). Fig. 6d sum-
marizes the contribution of the capacitive behavior at different
scan rates. When the scan rate was 0.2, 0.4, 0.6, 0.8 and
1.0 mV s, the corresponding contribution rates were 51%,
56%, 61%, 66% and 71%, respectively. The results show that
the electrochemical process in the electrode is the coexistence
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Fig. 5 (a) The CV curves of the CoSe,@NC/rGO-5 electrode at various scan rates. (b) Determination of the b values using the relationship between peak
current and scan rate. (c) Separation of the capacitive current in the CoSe,@NC/rGO-5 electrode at a scan rate of 0.8 mV s~* with the capacitive fraction
shown by the shaded region. (d) Relative contribution of the capacitive and diffusion-controlled charge storage at different scan rates.
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Fig. 6 Ex situ XPS data of (a) Co 2p peaks for pristine, fully discharged and fully charged CoSe,@NC/rGO-5. (b and c) HRTEM images of the fully

discharged, fully charged CoSe,@NC/rGO-5 electrodes after 5 cycles.

of capacitive storage and diffusion processes, but the capacitive
behavior is dominant. Compared with the pseudocapacitive
behavior of CoSe,@NC (Fig. S12, ESIt), the contribution ratios
of CoSe,@NC/rGO-x were larger. This result further proves that
in situ NC coating and rGO wrapping can optimize the surface
reaction and achieve fast electron/ion transport dynamics,
leading to the enhanced pseudocapacitive energy storage.

In order to further comprehend the mechanism of CoSe, to
store K, ex situ XPS and TEM were conducted to analyze the
CoSe, with different potentials. Fig. 6a shows the Co 2p XPS
spectra of the CoSe,@NC/rGO-5 electrode in the original, fully
discharged and charged state. For the original CoSe,@NC/
rGO-5 electrode, there are two main peaks in the XPS spectrum
at 780.1 and 795.9 eV, corresponding to the 2pz, and 2py,
binding energies of Co>* in CoSe,, respectively.** Other peaks at
785.5 and 802.0 eV are attributed to the corresponding satellite
peaks (“Sat.”).>* Two new peaks at 777.7 and 792.8 eV were
observed, corresponding to Co® 2p;/, and 2p,,.** This indicates
that K,CoSe, and Co’ are the results of potassium ion insertion.
When the electrode is full of 2.5 V, the peak of Co®" shifts back
to the position of high binding energy similar to the original
state due to the release of potassium ions from K,CoSe, to
CoSe,. The relative strength of the 782.8 eV peak decreases but
does not disappear, suggesting that the charge reaction does
not complete. For the Se 3d peak, when the electrode is
discharged to 0.01 V and then charged to 2.5 V, the peak shifts
to lower binding energy and then to higher binding energy,
indicating the reduction process from Se~ to Se®* and the
oxidation process from Se”~ to Se™ (Fig. S13a, ESIt). This result
is consistent with the trend of the Co>" peak. Fig. 6b, ¢ and
Fig. S13b, ¢ (ESIf) show the ex situ HRTEM images and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

corresponding SAED patterns with five cycles of full discharge
and full charge of the CoSe,@NC/rGO-5 electrode. When the
electrode is fully discharged to 0.01 V, the HRTEM images show
clear lattice stripes with the crystal plane spacing of 0.685 nm
and 0.295 nm, which are well matched with the K,CoSe, (002)
and K,Se (220) crystal planes, respectively (Fig. S13b, ESIf).
The corresponding diffraction patterns show a K,CoSe, (002)
diffraction ring, Co (111) diffraction ring and K,Se (422)
diffraction ring. When the electrode is fully discharged to
2.5V, clear lattice fringes of the K,CoSe, (002) and CoSe, (120)
crystal planes are observed in Fig. S13c (ESIt), with the spacing
of 0.685 nm and 0.250 nm, respectively. At the same time, a
K,CoSe, (002) diffraction ring, CoSe, (111) diffraction ring and
Co (111) diffraction ring were detected in the diffraction pattern
(Fig. 6¢). Therefore, according to CV, XPS and TEM results, the
reaction mechanism of CoSe, can be proposed as follows:

CoSe, + 2K + 2e~ < K,CoSe, (4)

K,CoSe, + 2K" + 2e~ < 2K,Se + Co (5)

Experimental
Preparation of the CoCoPBA microcubes

CoCoPBA microcubes were synthesized by a simple coprecipitation
method using cobalt chloride and potassium hexacyanocobaltate
as the cobalt source. In a typical synthesis, 3 mmol cobalt chloride
and 4.5 mmol citric acid were dissolved in 200 mL deionized water
to obtain clear pink solution A. Transparent solution B was
obtained by dissolving 2 mmol potassium hexacyanocobaltate in
200 mL deionized water. B was added to A drop by drop under
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magnetic stirring, and the mixed solution was stirred vigorously for
30 min and aged for 24 h at room temperature, followed by
centrifugation and washing with deionized water and ethanol
several times to collect the precipitates.

Preparation of the CoCoPBA/graphene composites

First, the graphene oxide was prepared by the classical Hummers’
method. Then different concentrations of graphene oxide aqu-
eous solutions (0.03 mg mL ™", 0.15 mg mL ™" and 0.3 mg mL ™)
were prepared. 4.5 mmol citric acid and 3 mmol cobalt chloride
were dissolved in 200 mL GO solution and stirred for 2 h to obtain
the solution A. 2 mmol potassium hexacyanocobaltate were
dissolved in 200 mL deionized water to form a transparent
solution B. Then the solution B was added to the A drop by drop
under magnetic agitation, stirred vigorously for 30 min, and then
aged for 24 h at room temperature. The precipitate was washed
several times with deionized water and freeze-dried for 24 h to
obtain CoCoPBA/GO. The samples were labeled as CoCoPBA/
GO-1, CoCoPBA/GO-5, and CoCoPBA/GO-10 according to the ratio
of GO at 1%, 5% and 10%, respectively.

Preparation of the CoSe,@NC/rGO-x composites

The obtained pink CoCoPBA powder or black CoCoPBA@GO
powder was placed at one end of the porcelain boat, and the
other side was placed with three times as much quality of
selenium powder. The porcelain boat was transferred to a tube
furnace with selenium powder in the upstream. The samples
were heated at 350 °C for 5 h with a ramping rate of 2 °C/min
under a 10% Ar/H, atmosphere. Then CoSe, composite materials
were obtained and marked as CoSe,@NC, CoSe,@NC/rGO-1,
CoSe, @NC/rGO-5, and CoSe,@NC/rGO-10, respectively.

Materials characterization

The morphologies and microstructure of the CoSe, composite
materials were characterized by field emission scanning electron
microscopy (SEM, JSM-7000F) and high-resolution transmission
electron microscopy (TEM, JEM-2100, 200 kV). The X-ray diffrac-
tion (XRD) profile (Bruker D8 Advance Diffractometer with Cu
target and Ko radiation) was collected over the 20 range of 10—
80° at 0.02° to characterize the crystal structure of the CoSe,
composite materials. The valence states of the CoSe, composite
materials were identified by X-ray photoelectron spectroscopy
(XPS, Thermo Fisher ESCALAB Xi+). In addition, Raman spectro-
scopy was performed using a Raman microscope (hr800) with
514.5 nm laser excitation. The N, adsorption-desorption iso-
therms were measured and the specific surface areas and the
pore size distributions were calculated based on the Brunauer-
Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BJH)
models, respectively. Thermogravimetric analysis (TGA2,
Mettler-Toledo) was employed to analyze the weight percentages
of carbon in CoSe, composite materials under air over a tem-

perature range of 30-800 °C with a ramping rate of 10 °C min™".

Electrochemical measurements

A CR2025 coin-type cell was used for electrochemical charac-
terization. The active material: Super-p:CMC in a ratio of
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7:2:1 was mixed into a slurry and coated on copper foil. The
working electrode was obtained by vacuum drying at 60 °C for
12 h and punched into a disc with a diameter of 1.2 cm; the
loading capacity of the active material is about 1.0 mg cm 2.
Potassium ion batteries were assembled in a glove box filled
with high purity argon by using 1 M KFSI in EC/DEC (v/v, 1:1)
as the electrolyte, a GF/D glass microfiber as the separator and
a thin potassium sheet as the anode.

The galvanostatic discharge/charge tests of the batteries
were conducted on a NEWARE Cycler CT-4000 (NEWARE
Electronic Co., Shenzhen, China) battery measurement system
at 0.01-2.5 V versus K'/K. A CHI660E electrochemical work-
station was employed for cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS).

Conclusions

In this work, a sandwich-like CoSe,@NC/rGO composite
derived from a MOF was successfully synthesized by a two step
co-precipitation and pyrolysis/selenization method. The unique
structure creates a 3D conductive network and increases the
specific surface area of the electrode, thus increasing
the electrical conductivity and reactive sites. Meanwhile, rGO
wrapping is beneficial to ease the volume expansion during
cycling. Therefore, PIBs with the CoSe,@NC/rGO-5 anode
deliver high specific capacity, good cycle stability and high-
rate capability. Even at a high current density of 10 Ag ™", a high
specific capacity of 175 mA h ¢ can be maintained. Further-
more, ex situ TEM/XPS confirmed that CoSe, goes through a
two-step reaction during discharging. Thus, this work provides
an in-depth understanding of the evolution of potassium CoSe,
storage processes, while also providing ideas for the rational
design of other high-performance materials.
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