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HIGHLIGHTS GRAPHICAL ABSTRACT

e The utilization of 3D nitrogen-doped
carbon confined CoggsSe nanocrystals
(Cop.g5Se@NC) as an anode for potas-
sium ion batteries leads to the achieve- Volume expansion
ment of a long cycle life exceeding 4000 jnducedistess
cycles. 3D carbon matrix

e Cop gsSe@NC anode provide a capacity
of 1556 mAhg'at10A g™

e Copg5Se@NC anode shows the areal
capacity up to 1.03 mA h cm~2 at 500
mA gL

e Finite element analysis shows the 3D
confinement strategy has the lowest
interfacial stress.

e Hundreds of LED bulbs were lighted by
a pouch-type potassium-ion full battery
composed of Cog gsSe@NC anodes.
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ARTICLE INFO ABSTRACT
Keywords: Conversion-type transition metal chalcogenide anodes could bring relatively high specific capacity in potassium
Potassium ion battery ion storage due to multiple electron transport reactions, but often accompanying huge volume changes and
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resulting in low cycle life and rapid capacity fading. While electrode materials are closely packed, the contact at
the interface during potassiation/depotassiation is similar to point-to-point contact, generating strong stress to
make self-aggregation occur. In this work, we constructed a 3D carbon framework to confine Cog gsSe nano-
crystals in three-dimensional space, both fulfilling the requirements of the material’s size in the nano-scale and
providing the largest contact area for releasing stress. With this optimization, nitrogen-doped carbon confined
Coyp.gsSe nanocrystals (Cog gsSe@NC) reach an ultra-stable cycle life over 4000 times with a specific capacity of
190.9 mA h ¢! at 500 mA g! and provide 155.6 mA h g! at 10 A g7} in the rate capability test. It also renders
the areal capacity up to 1.03 mA h cm ™2 at 500 mA g~ in the high-mass loading test. Furthermore, based on the
finite element analysis, the 3D confinement strategy has the lowest interfacial stress, ensuring Cog gsSe nano-
crystals with high structural integrity. This strategy can relieve the stress issue in the conversion-type anode and
demonstrate superior electrochemical performance even at high-loading mass electrodes.
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W.-W. Shen et al.
1. Introduction

Electrochemical energy storage in batteries is seen as a key compo-
nent of the future energy economy, automotive and electronics in-
dustries. The global installed battery capacity is expected to exceed 1
TWh by 2030 [1]. While the needs of these industries have so far been
desirous, the way of replacing fossil energy with energy from renewable
sources is further critical for us [2]. Among them, lithium-ion batteries
(LIBs) reduce carbon emissions by powering electric vehicles (EVs) and
promoting the development of renewable energy through grid-scale
energy storage [3]. However, given the limited and uneven geo-
graphical distribution of lithium resources in the Earth’s crust (0.0017
wt%), the rapid growth of EVs and renewable energy markets has
stimulated the pursuit of highly reliable alternatives to commercial LIBs.
The highly cost of lithium makes scientists search for other battery
system composed of earth-abundant elements [4]. Since the recharge-
able potassium-ion batteries (PIBs) was first invented by Eftekhari in
2004 [5], and stands out by its significant advantages: (a) high abun-
dance (2.09 wt% in the crust) and low cost [6]; (b) lower standard redox
potential (—2.93 V for K*/K), which guarantees a higher operating
voltage and higher energy density for the batteries; (c) faster ion diffu-
sion kinetics and lower ion desolvation energy from their weaker Lewis
acidity [7]. Hence, the Kions have the highest ion conductivity in
organic electrolytes among these three alkali ions (Li", Na*, and K*) [8];
(d) there is no alloy reaction with potassium while using aluminum foil
as the current collector, replacing the more expensive copper foil in LIBs
[9].

Due to the high theoretical specific capacities and unique structural
features, metal chalcogenides have been seen as potential anode mate-
rials for PIBs [10,11]. Among which ferromagnetic metal (Fe, Co, and
Ni) sulfides and selenides are denoted as MXs, M = Fe, Co, Ni; X = S, Se)
show strong competitiveness by their excellent advantages [12-14].
First, these three metals are relatively abundant in the earth’s crust,
while large amounts of MXs are stably present in some natural ores.
Second, the electrochemical performances can be improved by the
morphological controllability of MXs. Third, benefiting from a single
transformation-type reaction mechanism, MXs can both provide high
specific capacity and demonstrate excellent cycle life. Fourth, compared
with ferromagnetic metal oxides, ferromagnetic metal sulfides and sel-
enides have better reaction kinetics in the conversion reaction because
the M—S/Se bond is weaker than the M—O band, and with higher
electrical conductivity than that of ferromagnetic metal oxides. As for
the ferromagnetic metal telluride, the rarity of tellurium greatly limits
its cost competitiveness [15]. In general, the K storage of MXs can be
described as a multi-step reaction during discharge. The intercalation
reaction occurs at a relatively high potential (MX + yK*+ye™ —>K,MX),
during which the structural integrity can be maintained with small
volume change. Thereafter, the conversion reaction occurs in a deeper
discharge state (K,MX + zK*+ze">M + Ky + zX), accompanied by
phase transition and large volume expansion.

The huge volume expansion (about 312%) and consequent uneven
stress distribution lead to structural cracking, making both ionic and
electronic conduction paths to be disrupted in the electrodes. The
combination with conductive carbon is an effective strategy to modify
this drawback [16]. Carbonaceous materials exhibit fascinating prop-
erties, including high electrical conductivity, large surface area, and
excellent mechanical strength [17]. In carbon-MXs composites, carbon
acts as a matrix to buffer volume changes and prevent self-aggregation
of MXs, which is beneficial for long-term cycling stability [18,19]. So
far, several progresses have been made in designing MXs composites
with various carbonaceous materials [20]. For example, CoS, has been
successfully anchored to the surface of carbon nanotubes [21]; however,
after a long-term cycling process, the aggregation and structural
crushing are still unavoidable. Structures with several customized
morphologies were proposed. For example, the 1D-CNT FePSe; com-
posite can provide stable cycling life for over 1000 times and maintain a
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specific capacity of 223.6 mA h g~! [22]. Compared with the former,
mixing MXs with carbonaceous materials [23,24], such as graphene
oxide and carbon nanotube network is another promising strategy for
reaching high-quality anode materials [25,26]. Graphene significantly
improves the electrical conductivity and charge transfer of pure MXs. At
the same time, MXs can alleviate graphene restacking to maintain a
large surface area [27]. However, when the nanocrystals were anchored
to graphene to provide a fairly good stress buffer, the contact between
the nanoparticle and the adjacent nanoparticle still cannot be prevented,
crushing the particles by a large stress gradient in these contacts after
long-term cycling.

Self-aggregation and direct contact of nanoparticles are key issues for
K ion storage [28], where point-to-point contacts result in a large stress
gradient [29]. To avoid these problems, we propose a stress manage-
ment strategy by encapsulating nanocrystals in a 3D nitrogen-doped
carbon (NC) framework to increase the contact area. CoggsSe@NC
composites were formed by a 3D carbon framework and cobalt selenide
nanocrystals, in which the metal selenide nanocrystals with size in
nanoscale and were evenly separated by the carbon framework, inhib-
iting the self-aggregation and providing a more uniform stress distri-
bution. The three-dimensional carbon framework fully separated the
nanocrystals, providing the largest contact area to reduce the stress.
Finite element analysis (FEA) was also carried out to predict stress dis-
tribution, proving that the 3D structure has the lowest stress among the
three models. In the view of the macroscale, the CoggsSe@NC has
almost no cracks on the electrode surface, whereas Cog gsSe nanocrystals
were in the opposite situation. For the electrochemical performances,
Cop.g55e@NC can provide a long-life span for over 4000 cycles with
1909 mA h g’1 at 500 mA g’l. The importance of stress management
was further verified with high-loading mass half-cell tests. As the
loading exceeds 2.4 mg cm ™2, the whole performances were dominated
by the stress problem. Further, we successfully made the loading mass to
4.61 mg cm 2 with a high areal capacity of 1.03 mA h cm 2. In short, we
provide an effective way to enhance the performance of conversion-type
anode in PIBs.

2. Results and discussion

We establishe three models to predict the stress distribution of cobalt
selenide nanocrystals at different configurations, (1) nanocrystals
closely packed (Fig. 1a), (2) 2D graphene oxide (GO) composite (Fig. 1b)
and (3) 3D amorphous carbon composite (Fig. 1c). The expansion
behavior of potassiation was replaced by the thermal expansion, and the
corresponding volume change was calculated in Table. S1. Here, the
mechanical properties of cobalt selenide nanocrystals, monolayer gra-
phene oxide, and amorphous carbon are showed in Table. S2. The co-
efficient of thermal expansion cobalt selenide nanocrystals is at a
constant value. When the nanocrystals are tightly packed, there is no-
where to release the stress but to damage the interface, leaving lots of
crystal fragments. The new interface will consume potassium ions to
form a new SEI layer, which is lined with the following cycling test that
the cobalt selenide nanocrystals would have a sharp increase in capacity.
Meanwhile, SEI layer generation reduces the number of active materials,
corresponding to the short cycle life. With the introduction of graphene
oxide (Fig. 1b), the stress between them can be released through the flat
two-dimensional structure. Limited by the 2D structure, the nanocrystals
on the same layer of GO are not completely separated, where point-to-
point contact will be the same as the above packed nanocrystals.
Owing to the strong mechanical properties, the overall structural sta-
bility can still be maintained. However, broken fragments of cobalt
selenides passed through the GO to dissolve into the electrolyte, corre-
sponding to the instability of Cog g5Se@GO after long-term cycling. The
amorphous carbon acts as a stress regulator by providing sufficient
contact area to minimize the interfacial stress (Fig. 1c). The expansion of
nanoparticles leads to relatively huge stresses on the amorphous carbon
near the interface. The accumulated stress can be isotropically released
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by the spherical structure. In Fig. 1d, the slope rose sharply in Cog gsSe
nanocrystals when the degree of expansion was about 0.64, meaning
that the nanocrystals can’t bear such a large stress but lead to cracking.
The stress is reduced for the 2D confinement strategy, and the top-side
contact of nanocrystal-graphene oxide is much smaller than the side-
side by the superior mechanical properties of GO. The side-side con-
tact is almost the same as stacked nanocrystals, theie slope increases
gradually as the degree of expansion exceeded 0.4. As for the 3D
confinement strategy, the stress is released and the overall structural
integrity can be maintained. The slope doesn’t increase evidently, which
means the structure can significantly bear the expansion. Fig. 1e shows
the maximum stress value in each model when the expansion degree is
1.0.

Fig. 2a shows the synthesis schematic diagram of Cog gsSe@NC mi-
crospheres. Co DH-glycerol composites were synthesized via the sol-
vothermal method with cobalt nitrate hexahydrate as the cobalt source,
glycerol, and isopropanol as solvents. When the temperature reaches
180 °C, isopropanol and NO®~ undergo a redox reaction as the following
formula: 4(CH3),CHOH + NO3 —4CH; COCH3 + NHj3 + OH ™ +2H,0.
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The released hydroxide ions precipitate Co?* to form Co double hy-
droxide (Co DH). Meanwhile, glycerol molecules self-assemble into a
quasi-emulsion in isopropanol through strong intermolecular hydrogen
bonds under solvothermal conditions, serving as a soft template for Co
DH growth [30]. Then, a sol-gel application process covered the surface
of the Co DH-glycerol composite with dopamine (PDA). This component
molecule mimics adhesion proteins because it contains catechol and
amine functional groups. At weak alkaline pH, dopamine is easily
oxidized by dissolved oxygen to form dopamine quinone, followed by a
sequence of cyclized, oxidized, rearranged, and self-polymerized into
PDA [31]. To obtain Cogg5Se@NC composites, the as-synthesized Co
DH-glycerol composite was subjected to one-step annealing and seleni-
zation under Ar/H; atmosphere. Scanning electron microscope (SEM)
image shows that the Cog g5Se@NC composite has a three-dimensional
spherical structure with an average diameter of 900 nm (Fig. 2b, c).
The CopgsSe nanoparticles are uniformly embedded in the carbon
spheres with PDA (50 nm) covering the outside. The Cog gsSe nano-
particles (about 70 nm) through transmission electron microscopy
(TEM) (Fig. 2d) are uniformly spaced. The three-dimensional carbon
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Fig. 2. Material characterization of Cog gsSe@NC. (a) schematic illustration of synthesis process of Cog gsSe@NC. (b, ¢) SEM images. (d) TEM images. (e, f) high

resolution TEM images. (g) SAED pattern. (h)EDS element mapping.

sphere structure can both prevent the self-aggregation of nanoparticles
and buffer the volume expansion during the potassiation/depotassiation
process. (Fig. 2f). Fig. 2e clearly shows that the lattice fringes of
Co.855e@NC with a d-spacing of 0.273 nm were matched well with the
(101) plane of Cog gsSe. Selected area electron diffraction (SAED) shows
four annular patterns corresponding to the (101), (110), (202), and
(211) crystal planes (Fig. 2g), which were consistent with the
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diffraction peaks of the X-ray diffraction (XRD) results (the hexagonal
crystal structure of Cog gsSe PDF 04-006-8806) [32]. Furthermore, en-
ergy dispersive spectroscopy (EDS) analysis results (Fig. 2h) indicates
that Cog gsSe@NC contains Co, Se, C, and N elements. The corre-
sponding EDS mapping images show that they are uniformly distributed,
where the N element is from the outer layer of PDA after annealing. We
synthesized CoggsSe nanocrystal, graphene oxide confined Cog gsSe
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(Cop.85Se@GO), and Cog g5Se@NC, the corresponding XRD patterns are
showed in Fig. S1a. All the diffraction peaks correspond to the Co ¢ gsSe
phase of the hexagonal crystal structure (P63/mmc (194), PDF 04-006-
8806). From the Raman spectrum in Fig. S1b, the intensity of the D band
near 1350 cm ! (corresponding to disordered or defective carbon) is
similar to the G band near 1580 cm™! (corresponding to graphitic car-
bon). The relative intensity ratio (Ip/Ig = 0.978) can reflect the number
of structural defects and the degree of graphitization, improving the
electrical conductivity and the reaction kinetics [33,34]. The result
investigated by N5 adsorption/desorption tests (Fig. Slc, d) shows that
Cog.g5Se@NC has a typical type IV curve with a high specific surface
area (137.8 m? g’l) and mesoporous structure (4.9 nm).[35] Accord-
ingly, the 3D network and the porous structure can improve electrons
and ions transportation, playing an essential role in storing potassium
ions in PIBs. The thermogravimetric analysis (TGA) curve is shown in
the Fig. Sle, the accurate carbon content can be calculated as 21.61%
(Fig. S5). The composition and chemical state of CoggsSe@NC were
determined by X-ray photoelectron spectroscopy (XPS) as shown in
Fig. S1f-i. The Co 2p high-resolution spectrum can be resolved into six
fitted peaks (Fig. S1f). Specifically, the prominent peaks observed at
778.4 and 793.0 eV are assigned to Co 2ps, and Co 2p; 2 of Co®*, while
those at 781.5 and 796.8 eV are assigned to Co 2ps, and Co 2p; 2 of
Co?*. There are two satellite peaks at 786.9 and 801.0 eV originating
from the excitation of the remaining bound electrons, indicating the
existence of mixed oxidation states in Co o gsSe@NC [36]. In the case of
the Se 3d spectrum (Fig. S1g), peaks of Se 3ds,/2 and Se 3ds/» of Se?” at
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54.3 and 56.2 eV, while the other two fitted peaks at 63.1 and 59.2 eV
are related to Co 3ps,2 and Se-O bonds originating from the Co-Se bonds
and the partial oxidation of Se on the surface. For the N 1 s spectrum
(Fig. S1h), there are four types of N species, pyridine N at 398.4 eV,
pyrrolic N at 399.5 eV, graphitic N at 400.7 eV and oxide N at 403.7 eV.
N-doped carbon has higher adsorption energy for KySe to reduce the
dissolution of it from carbon matrix pores during cycling [37]. TheC1s
peaks correspond to sp? C—C, sp> C—C, and C=0 at 284.8, 285.9, and
288.2 eV, respectively, where C=O is originated from the partial
oxidation of the material exposed to air, as shown in Fig. S1i.

The electrochemical performance of Cog gsSe@NC was evaluated by
assembling coin-type half cells. Fig. 3a shows the cyclic voltammetry
(CV) curves of Cop g5Se@NC in the first four cycles at a scan rate of 0.1
mV s 1. For the first cathodic scan, the reduction peak at 0.65 V is
attributed to the SEI formation at the electrode-electrolyte interface
during the initial potassiation. The peak at 0.41 V belongs to the con-
version reaction of KyCoggsSe to Co and K,Se. Subsequently, the K™
intercalation reaction in carbon is around 0.01 V. Conversely, in the
anodic scan, the oxidation peak at 0.47 V corresponding to the dein-
tercalation of K™ from carbon. The following two peaks at 1.65 V and
2.2V belong to Co and KaSe to generate KyCog gsSe and further generate
Cog.g5Se, respectively. Starting from the third cycle, the curves are
completely overlapped, implying its superior reversibility of
Co.855e@NC. From the in-situ XRD patterns (Fig. S6) during the first
discharge process, the peak intensity decreases at about 20° and 32.9°
are caused by the formation of low crystallinity K;Se (PDF 00-023-
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0470). In addition, the peak at 33.5° corresponds to the (101) plane of
the Cog gsSe phase and is slightly shifts to a smaller angle at the first
discharge state due to the insertion of K. Also, the reaction is reversible
by observing the peak again after charging to 3 V. The ex-situ XPS
revealed that both Co 2p and Se 3d shift to lower binding energy through
the reduction of Co and formation of the K-Se bonding after discharge to
0.01 V. After charging to 3 V, they shift to high binding energy and
gradually return to their original positions [38,39]. The ex-situ TEM
image further confirms the products after completely potassiated are Co
and KySe (Fig. S7). Fig. 3b shows the galvanostatic charge-discharge
(GCD) curves of CopgsSe@NC for the first four cycles, the initial
discharge/charge capacities of 583.2 and 432.1 mA h g™}, respectively,
with an initial Coulombic efficiency of 74.1%.

By examining the GCD curves at the 500, 1000, 1500, 2000, 2500,
and 3000th cycle (Fig. S9), respectively, the charge-discharge plateau
does not disappear after long-term cycling, indicating that Cog gsSe@NC
can effectively suppress the shuttle effect of K;Se [40]. The rate per-
formance of Cog gsSe@NC is shown in Fig. 3d, e, its average discharge
capacity at current densities of 0.1, 0.2, 0.3, 0.5, 1, 2, 3,5, 7, and 10 A
g71 are 420.7, 353.7, 349.1, 343.3, 325.1, 289.0, 242.6, 187.5, 177.0,
and 155.6 mA h g}, respectively. The outstanding rate performance
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stems partly from the unique 3D carbon framework of the Cog gsSe@NC
composite. The porous carbon matrix with large interior space provides
fast transport channels for both electrons and ions [41], while Cog gsSe
in the form of smaller nanoparticles can shorten electron/ion diffusion
path to facilitate charge transfer and rapid pseudocapacitive reactions
[42]. When the current density is back to 1 A g}, the average discharge
capacity can still maintain at 400 mA h g™, Fig. 3f shows the long-term
cycling profile of Cog gsSe nanocrystals, Cog g5Se@GO and Cog gsSe@NC
at a current density of 0.5 A g’l. The Cog gsSe@NC anode has the best
performances by delivering 190.9 mA h g~ after 4000 cycles with a
capacity retention of 78.3%. The capacity loss per cycle was 0.014%,
confirming its impressive durability. Benefitting from the stress man-
agement of the three-dimensional carbon framework, Cog gsSe@NC has
the advantage of long cycling performance in the field of selenium-based
anodes in PIBs as shown in Fig. 3g [37,43-51]. For the application of 3D
confinement strategy in PIBs, the CoggsSe@NC has the advantage of
long-term cycling performance as shown in Table. S4.

Co00.855e@NC exhibited excellent K storage capability and long-
term cycling stability is associated with high-rate pseudocapacitive
behavior. To verify the related charge storage mechanism and the ki-
netics process in the PIB system, we measured and calculated the
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pseudocapacitive contribution by cyclic voltammetry (CV) at different
scan rates (0.1-0.9 mV s~ ). Fig. 4a shows the analysis of the capacitive
effect of Cog g5Se@NC at various scan rates based on CV curves. As ex-
pected, the scan rate increases with shape similarity, suggesting that
Cop.g5Se@NC has a stable electrochemical reaction [52]. From the
power-law relationship, the relationship between peak current (i) and
scan rate (v) can be described as i = avb, where a and b are constants.
The “b” value indicates the extent of the capacitive effect: a b value of
0.5 indicates an extreme diffusion-controlled process and an extreme
capacitance-controlled process is indicated by a b value of 1.0. By
plotting log(i) and log(v), the b value can be calculated from the slope
after linear fitting [53]. Peaks 1 to 3 have b-values of 1.01, 0.99, and

| 3D carbon matr;

Potassiation
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0.79, respectively. (Fig. 4b). The capacitive contribution can be further
quantified using Eq. (1) [54].

i(v) = k1v+k2v% (¢})
where k; and ky are constant values corresponding to capacitance-
controlled and diffusion-controlled processes, respectively [55]. As
shown in Fig. 4c, the capacitance ratio during total storage was 92.8% at
0.5 mV s~!. Fig. 4d shows the contribution of the pseudocapacitive
behavior at different scan rates. The capacitance ratios are 82.5%,
91.3%, 92.8%, 93.5% and 94.4% at scan rates of 0.1, 0.3, 0.5, 0.7 and
0.9 mV s, respectively. At a lower scan rate of 0.5 mV s}, the

N

th
0% cycle

s 10

ik

Volume expansion
induced stress

Fig. 5. TEM images after (a) 1%, (b) 10%, () 20™, (d) 30™, (e) 50™ and (f) 100" cycle. (g) schematic illustration of 3D carbon matrix in stress relaxation.

632



W.-W. Shen et al.

capacitive contribution still reaches 92.8%, suggesting that pseudoca-
pacitance stores a higher proportion of the total capacity. The reason for
the high capacitive contribution may come from the relatively high
specific surface area and plentiful interfaces among CoggsSe nano-
particles [56]. Next, the diffusion coefficient of K™ in Cog gsSe@NC was
assessed using the galvanostatic intermittent titration technique (GITT)
by applying a series of pulsed currents at 0.1 A g~! for 0.33 h with a rest
interval of 0.67 h. The assembled cell was discharged/charged at 0.05
mA g~ ! for three cycles before GITT measurements. According to Fick’s
second law, Dy can be calculated by Eq. (2) (Fig. 4e) [57,58].
mpVi\* [ AEs\?

(i) (a2)

where mg, Mg and Vy are the mass, molar mass, and molar volume of the
electrode material, respectively, 7 is the relaxation time, S is the area of
the electrode, AE; and AE; are the voltage changes in the constant
current phase after each equilibration process, L is the thickness of the
electrode (Fig. S12). The diffusion coefficients range from 3.36 x 107°
to 2.84 x 1070 and 6.80 x 1071° to 1.94 x 1071° during potassiation
and depotassiation. The Nyquist plots of each potential are shown in
Fig. 4f-g by discharging from the open circuit voltage to 0.01 V and then
charging to 3 V through in-situ EIS. In Phase I (Fig. 4h), the adsorbed
state of K ions begins to intercalate to form KyCog gsSe, reducing the
interface charge transfer resistance. During phase I, increased R is due
to the volume expansion and formation of the SEI layer, which exhibits
resistive properties [59]. As for phase III, the deintercalation of K;Se and
Co reduces the interface transfer resistance.

In the ion storage system, intercalation reactions usually have lower
capacity, whereas conversion and alloy reactions offer higher ones.
However, during the conversion process, the cleavage and formation of
chemical bonds lead to structural collapse and the alloying process re-
sults in huge volume changes caused by the formation of binary alloys,
providing poor cycle life. Particularly, the Cog gsSe nanocrystal has two
main shortcomings. First, a large volume change of 312% after fully
potassiated leads to structural collapse. Second, the nanocrystals grad-
ually coarsened into larger particles or aggregated during cycling due to
thermally-induced recrystallization and surface energy minimization
[60]. In conclusion, the smaller particle size can effectively reduce
structural damage and the three-dimensional carbon framework can
prevent them from aggregation. Fig. 5a shows the TEM image after the
first cycle, the structure remains the same with the diameter of the mi-
crospheres at 920 nm. For those at the 10™ cycle (Fig. 5b), nanoparticles
tend to stay near the surface due to the concentration gradient of K ions.
After 20 cycles (Fig. 5c), repeating K* insertion/de-insertion makes
nanocrystals form larger crystals (about 150 nm). Further, some nano-
crystals are filamentous and protrud outward on the surface of the
carbon shell, such growth is probably through some fissures during the
cycling process. Therefore, the nanocrystals have the chance to contact
the diffused K ions directly to form filaments. After 30 cycles (Fig. 5d),
more filamentous CoggsSe penetrate these cracks. Inevitably, the
structure inside the microspheres begins to be stretched due to the
repeating potassation/depotassiation. The nanocrystals gradually form
larger particles in a manner that minimizes the surface energy. After
reaching 50 cycles (Fig. 5e), the nanocrystals maintain a size of about
130 nm. In comparison with those at the 20" and 30" cycles, the three-
dimensional confinement strategy can keep the nanoparticles’ size close
to the nano-scale. Although aggregation occurs (Fig. 5f), the overall
shape of the microspheres is still maintained, showing the management
strategy can effectively alleviate the structural damage. Overall, the
introduction of a three-dimensional carbon framework provides an
outstanding buffer structure to regulate the stress generated by the
potassiation (Fig. 5g).

Metal selenides (MSey) is a promising potential from their multiple
redox storage mechanisms in PIBs. However, severe volume expansion
obviously limited its performance. To tackle this bottleneck, they often

4
T

Dy =

(2
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compounded with other materials, including various MSe,, metal ox-
ides, carbonaceous and graphitic materials, etc. [17]. After the intro-
duction of carbonaceous and graphitic materials, the conductivity can
be improved. Furthermore, benefiting from the structure robustness, the
aggregation and volume expansion can be alleviated for battery appli-
cation [12]. To check the stress management more clearly, we observed
the electrode surface of CoggsSe nanocrystals, CoggsSe@GO, and
Co0.855e@NC at 10T (Fig. 64, e, i), 50™ (Fig. 6b, £, j), and 100%™ (Fig. 6c,
g, k) cycle via SEM. From the electrode surface after 10 cycles (Fig. 6a, b,
c), cracks appear on the electrode surface of CoggsSe nanocrystals,
which are getting bigger with increasing cycle numbers. On the basis of
stress management, they become smaller after the introduction of GO,
and the 2D structure with robust mechanical properties can effectively
release the expansion (Fig. 6e, f, g). Moreover, there are no cracks
through the 3D carbon matrix management, indicating that we perfectly
minimize the stress gradient and kept the electrode structure integrity
(Fig. 6i, j, k). The bumps on the surface in Fig. 6j are due to the
detachment of the binder during the sample processing.

In the micro-level perspective, the nanocrystals are closely arranged
with each other and squeeze outward during cycling. The contacts
among them are like point-to-point contact, leading to a large stress
gradient at the interface. Eventually, an irreversible loss in specific ca-
pacity is caused by the break and dissolution of nanocrystals into the
electrolyte. Despite the intervention of the 2D carbon network, larger
cracks still appear on the electrode surface with increasing number of
cycles, indicating a failure of stress distribution management. The two-
dimensional GO can disperse the stress in the longitudinal direction,
whereas the 2D structure cannot prevent contacts in the lateral direc-
tion, similar to that of the Cog gsSe nanocrystals. Benefiting from the 3D
carbon matrix generated from Co DH-glycerol composites, minimizing
the stress by providing sufficient contact area. Furthermore, we
inspected the electrode cross-sections at the 100™ cycle, and the elec-
trode thickness of the Cog g5Se nanocrystals is 32.2 pm (Fig. 6d). With
the stress management, the introduction of graphene oxide reduces the
thickness by 11.3 pm (Fig. 6h). Especially, the thickness of Cog g5Se@NC
is further down to 13.2 pm, which is almost one-third of the
nanocrystals.

We conducted cycling performance tests of CoggsSe@NC,
Co0.855e@GO and Cog gsSe nanocrystals at different loading mass to
reveal the importance of stress management. While the loading mass of
the CoggsSe@NC up to 4.25 mg em 2, its specific capacity only
decreased from 411.7 mA h g~! to 333.9 mA h g~ ! at 50 mA g}, with
capacity retention maintained at 81.1% (Fig. 7a). As the mass loading of
the Cogg5Se@GO and CoggsSe nanocrystal reach 3.65 and 4.17 mg
em ™2, their specific capacity at the 10™ cycle is dropped to 318.47 and
173.69 mA h g~ at 50 mA g™, respectively. Further, those at the 50"
cycle rapidly drop to 227.43 and 12.34 mA h g™, respectively. Inter-
estingly, Cog g5Se@NC, Cog g5Se@GO, and Cog gsSe nanocrystals are all
maintained normal cycling performance for the loading mass less than
2.4 mg cm 2. As the loading mass exceeds this range, stress become the
main role in affecting the cycle performance. Such a rapid capacity
decay is attributed to the server volume expansion at high loading. The
pulverization of the internal structure leads to an increase in the ohmic
overpotential and irreversible reaction. On the other hand, we also
tested its rate capability for different loading masses (1.75, 2.35, and
3.75 mg cm2). The specific capacity is decreased with increasing
loading mass at various current densities. Through Fig. 7d, the average
discharge capacity of Cog gsSe@NC (3.75 mg cm™~2) are 373.11, 296.56,
248.07, 175.75, and 142.81 mA h g’1 at current densities of 100, 500,
1000, 2000, and 2500 mA g™, respectively. The capacity retention
(relative to 1.75 mg cm™?) is 95.2, 85.6, 78.7, 72.0, and 66.9%,
respectively (Fig. 7g). For that of CopgsSe@GO (3.75 mg cm’z) is
322.99, 227.05, 174.44, 103.70, and 60.64 mA h g_l, respectively
(Fig. 7e). The capacity retention (relative to 1.75 mg cm’z) of 87.3,
86.0, 75.1, 59.1, and 43.4%, respectively (Fig. 7h). The Cog.gsSe nano-
crystals (3.75 mg cm™2) only provide capacities of 175.22, 84.79, 43.98,
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Fig. 6. SEM images of electrode surface. (a-c) Cog gsSe nanocrystal at 10, 50 and 100t cycle. (d) Electrode thickness of Cog gsSe nanocrystal at 100™ cycle. (e-g)
C00.855¢@GO at 10, 50 and 100™ cycle. (h) Electrode thickness of Cog gsSe@GO at 100" cycle. (i-k) Cog.gsSe@NC at 10, 50 and 100t cycle. (1) Electrode thickness of

C00.85Se@NC at 100" cycle.

17.59, and 7.18 mA h g_1 (Fig. 7f), the capacity retentions (relative to
1.75mg cm’z) were 45.2, 27.9, 16.8, 8.4, 4.0%, respectively (Fig. 7i). In
summary, only CoggsSe@NC maintains more than 65% in capacity
retention with increasing current density. Without stress management,
Cop.g55e@NC and Cog gsSe nanocrystal have the largest capacity dif-
ference between 197.9 and 135.63 mA h g~ at 100 and 2500 mA g 1,
respectively. As for 3D and 2D carbonaceous compounds, the differences
between them are 50.13 and 82.17 mA h g}, respectively. All the above
results indicate that the 3D carbon matrix is the greatest management
for stress relaxation. Fig. 7i is a comparison diagram of the charge
transfer impedance of the three half-cells with a loading mass of 3.8 mg
cm™2. The volume expansion during cycling is more apparent in the
high-loading mass half-cell. Although the activation of the electrode
after cycling can lower the charge transfer resistance. However, through
the control of stress, the Cog g5Se@NC of the three-dimensional carbon
framework can have the best performance. The slope obtained from the
linear plot of Re(Z) and ® ~%/2 is the Warburg factor. Fig. 7j is the
Warburg factor statistics before and after the cycle. Cog gsSe@NC has a
larger value before cycling (Fig. S13a, b) is attributed to the difficulty of
potassium ion diffusion in the three-dimensional carbon framework
compared with the others.[54] After the cycling test, only Cog g5Se@NC
greatly reduces the value, and the rest are increased due to the high
loading mass. The diffusion coefficient of K can be further calculated by
Eq. (3) in the generality and low-frequency range of diffusion.

0.5R*T?

Dy, = %5
T AP Ce?

3)
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After cycling, the diffusion coefficient of Cog gsSe@NC is increased
by 2816%, while that of CoggsSe nanocrystals and CoggsSe@GO is
decreased by 81% and 89%, respectively, confirming the advantages of
stress regulation. We have also conducted long-term cycling tests of the
high-loading mass electrode (Fig. 7m), the 3D structure can provide at
least 200 cycles and maintain a relatively high specific capacity of 458.5
mA h g1 at 500 mA g~ L. Further, we also push the areal capacity up to
1.03 mA h cm ™2 for at least 100 cycles (Fig. 7n). The Cog gsSe@NC with
an excellent performance among anodes in the PIBs field as shown in
Fig. 70 [61-65].

Based on the excellent electrochemical performance of Cog g5Se @NC
in the half-cell, we further assembled a potassium-ion full battery. The
Prussian blue (PB) is used as the cathode material, and it is the common
name for the chemical compound, iron (III) hexacyanoferrate (II),
FeE;H[FeH(CN)G] 3. PB can reversibly intercalate K ions for long-term
cycling tests without affecting the crystal structure and thus mini-
mized the capacity fade [66]. Due to the high oxidation potential of the
conversion KySe, organic cathodes such as PTCDA cannot meet a high
working plateau over 3.5 V [67,68]. Prussian blue analogs can both
cover the working range of the anodic conversion reaction and maintain
decent cycling performance. The schematic diagram of the potassium
ion full battery system is shown in Fig. 8a. The PB in a stable spinel
structure was synthesized by the precipitation method, which can stably
receive the diffused potassium ions from the negative electrode. The
corresponding XRD pattern and electrochemical performances of PB are
shown in Fig. S15. From the CV curve with a scan rate of 1 mV s~}
(Fig. 8b), the overlapped peaks revealed the high reversibility of the
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Fig. 8. Potassium ion battery full cell test. (a) Schematic illustration of Cog gsSe@NC//PB full cell. (b) CV profiles at a scan rate of 1 mV sL (@ Cop.g5Se@NC half
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density. (f) Schematic illustration of pouch type full cell. (g) Lighting test of Cog gsSe@NC//PB pouch type full cell.

chemical reaction and the CoggsSe@NC//PB full cell is in the proper
voltage window of 1.0-3.8 V. The charge-discharge curves of
Cog.g5Se@NC half-cell, PB half-cell, and CoggsSe@NC//PB full-cell at
250 mA g~ ! are shown in Fig. 8c. In addition, we also measured
Cog g55e@NC//PB full cell (Fig. 8d-e), which provided average
discharge energy densities of 161, 146.5, 133.5,123.7, 115.4 Whkg ! at
100, 250, 500, 750, 1000 mA g’l. The capacity loss in each interval is
about 6%. After the current density is returned to 250 mA g™, it still
maintains excellent stability. The Coulombic efficiency is still main-
tained at 96.6% at 200th cyclewith a specific capacity of 121.57 Wh
kg~ L. In order to determine its practicality, we successfully lighten up
223 LED bulbs by assembling a pouch-type potassium-ion full battery
(Fig. 8f-g).

3. Conclusion

This work fully demonstrates the importance of the design strategy
between metal chalcogenides and carbonaceous materials, which makes
Cog.g55e@NC has the characteristics of small crystal size and stress
regulation to be stable in the electrochemical test. The finite element
analysis simulation has predicted that this structure has the most
excellent function of dispersing stress. In electrochemical performance,
Co.855e@NC provides ultra-stable cycling performance and high-rate
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charge-discharge capability; the porous structure brings high specific
surface area and fast reaction Kkinetics. At the same time, we also
revealed the structural changes of during the cycling process. At the
micro level, the 3D structure solves the nanoparticles’ aggregation and
offers a fast ion diffusion path. In the view of the macro level, changes of
cracks on the electrode surface after cycling also provide the importance
of stress control. Since there are few studies detailing the stress man-
agement strategies in potassium ion storage systems, we successfully
revealed the dependence of stress management between electrochemical
performance and the electrode’s loading mass by a serial electro-
chemical test. Moreover, we successfully lit up two hundred LED bulbs
by assembling a pouch-type full battery. This work provides a reliable
stress-management strategy for future anode materials and also raises
the practical properties of potassium ion batteries to another level.

4. Experimental section
4.1. Materials

Cobalt(Il) nitrate hexahydrate (ACS, 98.0 ~ 102.0%), Glycerol
(anhydrous, 99), Selenium powder (~325 mesh, 99.5%, metal basis),

Sodium selenite (44-46% Se anhydrous), Sodium borohydride (powder,
2>98.0%), GO solution (1 wt%, 298%), sodium carboxymethyl cellulose
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(NaCMC, average M,, ~ 700,000), dimethyl ether (DME, >299.8%), po-
tassium metal (chunks in mineral oil, 98%), FeCly-4H0 (98%), K4Fe
(CN)6-3H20 (99.5%), potassium citrate (99-100.5%), and Potassium
chloride (99%) were purchased from Sigma-Aldrich. Potassium bis(flu-
orosulfonyl)imide (KFSI, 97%) was purchased from Combi-Blocks.
Super-P, polyvinylidene fluoride (PVDF) and coin-type cell CR2032
were purchased from shining energy. Glass fiber was purchased from
Advantec. Copper and aluminum foil were purchased from Chang-Chun
group.

4.2. Material characterization

The crystal purity was determined by an X-ray diffractometer (XRD,
Bruker D8 ADVANCE) with a Cu-Ka source (A = 1.54056 1°\). The mor-
phologies of the obtained samples were examined by employing scan-
ning electron microscopy (SEM, HITACHI-SU8010) and an energy
dispersive spectrometer (EDS) was used for elemental mapping. Trans-
mission electron microscopy (TEM, JEOL, JEM-ARM200FTH, serviced
provided by NTHU and NYCU) with an accelerating voltage of 200 kV
for investigating structural analysis including morphology, crystal d-
spacing, and selected-area electron diffraction (SAED). The chemical
state was examined by high-resolution X-ray photoelectron spectroscopy
(XPS, ULVAC-PH, PHI Quanterall). All the spectra obtained from the
XPS analysis were first calibrated by referencing the standard binding
energy of C 1s (284.8 eV). Raman spectrum was measured via a LAB-
RAM HR 800 UV with a 532 nm excitation source. TGA analysis was
obtained using a thermogravimetric analyzer (TA, Q50) in an air flow at
a heating rate of 10 °C min~! from ambient temperature to 800 °C.

4.3. Synthesis of Co-glycerate

Co-glycerate was synthesized via a simple solvothermal. First, 1
mmol of Co(NO3);-6H0 was dissolved into 52.5 mL of IPA and stirred
(500 rpm) for 30 min. Then 7.5 mL glycerol and 1 mL DI water were
slowly dropped into the above solution and stirred (500 rpm) for 15 min.
During the whole process, the temperature was kept between 8 ~ 12 °C.
The above solution was then transferred into a 100 mL Teflon-lined
stainless autoclave maintained at 190 °C for 12 h.

4.4. Synthesis of Co-glycerate@PDA

Co-glycerate@PDA was synthesized by adding 100 mg of Co-
glycerate and 50 mg of dopamine hydrochloride into 0.01 M, 100 mL
Tris-buffer solution, then sonication for 1 min before stirring (500 rpm)
for 4 h. The products were collected by centrifugation (10 min per cycle
at 10000 rpm) three times using Ethanol and DI water.

4.5. Synthesis of Cog.gsSe@NC

Firstly, Co-glycerate@PDA (130 mg) and Se powder (780 mg) were
put into a quartz boat and annealed under Ar/H, atmosphere for 7.5 h
(3 °C min~ 1) to obtain Cog.g5sSe@NC.

4.6. Synthesis of Cog gsSe nanocrystal

Firstly, 0.546 g of cobalt chloride and 0.726 g of sodium selenite, and
0.5 g of sodium borohydride were dissolved in 40 mL of DI water, fol-
lowed by 10 min stirring. Then transferred into a 50 mL Teflon-lined
stainless autoclave maintained at 180 °C for 24 h [69].

4.7. Synthesis of Cog gsSe@GO

Firstly, 0.546 g of cobalt chloride and 0.726 g of sodium selenite, and
0.5 g of sodium borohydride were dissolved in a solution with 25 mL DI
water and 15 mL GO solution, followed by 10 min stirring. Then
transferred into a 50 mL Teflon-lined stainless autoclave maintaining at
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180 °C for 24 h.
4.8. Synthesis of PB cathode

Firstly, solution A was prepared by dissolving 3 mmol of FeCl,-4H20
in 100 mL of DI water, while solution B was prepared by dissolving 5
mmol of K4Fe(CN)s-3H20, 10 mmol of potassium citrate, and 12 g of
potassium chloride in 100 mL of DI water. Then, Solution B was slowly
added to solution A with a dripping rate of 50 mL hr~! under 400 rpm
stirring for 4 h. The precipitates were collected by centrifugation and
washed with the mixture of ethanol and DI water for 3 times, and finally
dried in a vacuum oven for 2 h at 80 °C.

4.9. Electrochemical measurement

The electrochemical performances of the electrodes were evaluated
using CR2032 coin-type cells. A homogeneous slurry of anode material
was prepared by mixing 70 wt% of active material, 20 wt% of NaCMC,
and 10 wt% of SuperP in Deionized water. The mixture was coated on
copper foil and then dried at 80 °C under Argon atmosphere. The
average mass loading for the half cell was about 0.8 ~ 1.0 mg cm ™2 K
metal and glass fiber were used as counter electrode and separator,
respectively. The electrolyte used in the cell was 4 M KFSI in DME
(~160 pL per cell). For full cell assembly, PB was used as cathode ma-
terial, and prepotassiated for 20 cycles at 250 mA g, while the anode
material was also prepotassiated for 20 cycles at 500 mA g~ 1. The mass
ratio of cathode to anode were 4.5/1. The whole assembly process was
performed in an Argon-filled glove box. The cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) tests were collected
by a multi-channel electrochemical analyzer (Bio-Logic-science In-
struments, VMP3). The electrochemical performances were tested on
Neware battery analyzer (Neware, China) in the potential range of
0.01-3 V (vs. K/K). The galvanostatic intermittent titration technique
(GITT) was evaluated by Maccor Series 4000 battery test system.

4.10. Finite element analysis simulation

A perfectly elastic—plastic model was used to describe the
potassiation-induced deformation, and a nonlinear diffusion model was
used to simulate the particle diffusion process. The simulation and pre-
and post-processing processes were all carried out in COMSOL 6.1. Since
the governing equations of thermal diffusion and mass diffusion are the
same, the diffusion and stress—strain fields in COMSOL were replaced by
the temperature-displacement coupling program. The thermal expan-
sion coefficient was used instead of the potassiation expansion coeffi-
cient fij, and the temperature field was substituted for the normalized
K" concentration c. In the model, it was assumed that the volume of
cobalt selenide increases by 312% after complete diffusion, the volume
expansion coefficient of cobalt selenide was set at f;; = 1.49%107° [70],
and the volumes of graphene and amorphous carbon remain unchanged.
Under ideal conditions, graphene and amorphous carbon as the outer
boundary, with uniform Co and K,Se and constant elastic modulus and
Poisson’s ratio, which provide support for the mechanical confinement
of Coo_g5Se.
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