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Hard carbon is a promising candidate for potassium ion batteries due to its large interlayer spacing and
abundant closed pores. However, the slow migration and sluggish diffusion kinetics of potassium ions
lead to inferior insertion and pore-filling processes, causing severe ion channel blocking, continuous
byproduct generation, and poor cycling stability. In this study, we coated hard carbon on top of tetragonal
barium titanate particles forming a ferroelectricity-aided anode (t-BTO@C). The t-BTO@C anode exhibits
higher interfacial charge density, enhanced insertion-pore filling capacity, and formation of fewer bypro-
ducts. The effective interaction between the spontaneous polarization electric field of t-BTO and potass-
ium ions accelerates the potassium ion kinetics and ensures the homogeneous migration of potassium
ions, as well as the improvement of t-BTO@C anode potassium storage. After 100 cycles at 0.05 A g%,
the t-BTO@C anode shows a specific capacity of 374.9 mA h g™, higher than those of SiO.@Carbon
(97.2 mA h g™ and Pure Carbon (240.1 mA h g~). Paired with a Prussian white cathode, the full cell
shows a specific capacity of 313.0 mA h g~ at 0.1 A g%, with 88.9% capacity retention after 40 cycles,
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1. Introduction

Hard carbon is a potential candidate for alkali ion storage due
to its larger interlayer spacing compared to graphite and abun-
dant active sites for ion anchoring." It is particularly suitable
for batteries with larger ions, like sodium ion batteries (SIBs)
and potassium ion batteries (PIBs). SIBs with hard carbon
anodes have already been commercialized. Nevertheless, hard
carbon in PIBs still faces many fundamental problems.” Due
to the large size of potassium ions (1.38 A for K'), the hard
carbon anode suffers from large structural deformation and
ion channel blocking, causing fast capacity decay.>* Due to
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of the hard carbon anode in potassium ion batteries.

their large atomic mass, potassium ions show sluggish ion
diffusion kinetics and cause poor rate performance in PIBs.
Meanwhile, the sluggish kinetics also cause large polarization
at the interface, causing continuous solid electrolyte inter-
phase (SEI) formation and byproduct generation.® The storage
of potassium ions in hard carbon can be described using a
two-stage model. The first stage is the adsorption of potassium
ions on the surface active sites indicated by a steep slope
region in the voltage-capacity graph above 1 V vs. K'/K. The
second stage is insertion-pore filling into the interlayers and
nanopores of hard carbon, shown as a relatively flat region
with a voltage below 1 V vs. K'/K.® The sluggish diffusion kine-
tics mostly affect the insertion-pore filling stage, which can be
seen from the shortened capacity near 0 V vs. K*/K.” There are
several approaches for addressing the obstacles in ion
migration including enlarging the graphitic interlayer spacing
and enhancing electronic conductivity by doping
heteroatoms®? (sulfur, phosphorus, nitrogen, etc.) or engineer-
ing mesoporous structures to shorten the potassium ion
migration distance.’® For example, Chen et al. designed a
sulfur/oxygen co-doped porous hard carbon microsphere
anode with an enlarged interlayer distance and abundant
structural defects, which delivers 226.6 mA h g™ at 0.05 A g™*
over 100 cycles.® Cheng et al. constructed 3D honeycomb-like
porous carbon with rapid de/intercalation kinetics of potass-
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ium ions, delivering 456 mA h g™' at 0.05 A g " over 10
cycles.'® However, these methods could only enhance potass-
ium ion migration passively.

Ferroelectricity is a phenomenon that materials have spon-
taneous electric polarization in a non-centrosymmetric lattice
structure. In these materials, there are two metastable states
with opposite internal dipole directions, which can be
switched using an external electric field (Fig. S1f). One such
example is the tetragonal barium titanate (t-BTO). In t-BTO lat-
tices, Ti*" is bonded with six O*~ forming corner shared octa-
hedral TiO,>~ cages. When the lattice is deviated from the
cubic phase, the cage is elongated in the z direction and
allows Ti*" to have two equivalent positions in the cage. As a
result, in a tetragonal BTO crystal, the two sub-lattices have
opposite dipole moments. This intrinsic dipole moment in the
t-BTO crystal lattice (spontaneous polarization, Pg) could spon-
taneously form randomized polarization domains, which can
enhance the localized electric field to accelerate ion migration.
By applying an external coercive field, the t-BTO lattice could
be polarized and show a strong persistent electric field."' ™
The ferroelectric materials were reported in lithium ion bat-
teries as an effective strategy to regulate ion deposition."” Sun
et al. used ferroelectric t-BTO in polyethylene oxide-based com-
posite polymer electrolytes to increase lithium ion transport.'®
Xia et al. used the t-BTO layer to regulate lithium ion depo-
sition and suppress dendrites. With horizontally polarized
t-BTO, the deposition direction of lithium preferentially
changed from vertical to lateral."” In PIBs, there are only a few
papers using ferroelectric particles in separators or solid elec-
trolytes to enhance ion migration.'®'® Wang et al. used ferro-
electric particles in the separator to regulate potassium ion
deposition in anode-free PIBs.'® However, there is no report on
the regulation of potassium ion kinetics inside the hard
carbon anode, which could be more direct and effective.

Herein, we successfully accelerated potassium ion kinetics
in the hard carbon anode by coating it on top of ferroelectric
t-BTO particles. The t-BTO particles show a maximum spon-
taneous polarization P of 3.46 pC cm™>. The ferroelectric field
of t-BTO particles successfully enhanced potassium ion kine-
tics and showed higher capacity in the insertion-pore filling
stage. After 100 cycles at 0.05 A g, the t-BTO@C anode shows
a specific capacity of 374.9 mA h g7, higher than those of
Si0,@Carbon (97.2 mA h g~') and Pure Carbon (240.1 mA h
g™, At 1 A g7 for 1000 cycles, the t-BTO@C anode retained
82.8% of its capacity at the 20th cycle, while the SiO,@Carbon
(SiO,@C) completely lost all its capacity. In addition, t-BTO@C
also showed much less byproduct generation. SEM and AFM
images revealed that the t-BTO@C anode shows the most
uniform and stable SEI layer without byproducts in 100 cycles.
By pairing with the Prussian White (PW) cathode, the full-cell
exhibits an initial discharge specific capacity of 356.2 mA g~*
at a current density of 0.05 A g~ '. After 40 cycles, the full
cell retains 313.0 mA g discharge specific capacity with
88.9% capacity retention compared to the 10th cycle. Our find-
ings provide a new strategy to enhance the capacity and stabi-
lity of PIBs.
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2. Experimental section

2.1. Synthesis of t-BTO particles

t-BTO was synthesized by hydrothermal methods. Tetrabutyl
titanate, barium hydroxide, aqueous ammonia, and deionized
water were placed in the autoclave with a barium and titanium
ratio of 2: 1, holding at 200 °C for 36 hours. After the reaction,
the products were centrifugally washed with acetic acid, de-
ionized water, and anhydrous ethanol, followed by annealing
at 80 °C in a vacuum-drying oven for 12 hours. The powder
was ground to obtain t-BTO particles.*>*!

2.2. Synthesis of t-BTO@C, SiO,@C, and Pure Carbon
particles

70 mg of t-BTO was added in a certain amount of deionized
water, and hexadecyl trimethyl ammonium bromide. The
mixture was sonicated for 1 hour. An additional 8 ml of ethyl-
ene glycol and 0.9 ml of pyrrole were added to the solution fol-
lowed by reaction at 0-4 °C for 24 hours. The product was fil-
tered, washed, and dried at 80 °C for 12 hours to obtain
t-BTO@polypyrrole particles. t-BTO@polypyrrole particles were
placed in a ceramic boat and held under an argon atmosphere
at 800 °C for 2 hours for carbonization, to obtain t-BTO@C.
SiO,@C powder was obtained using the same sequence, and
Pure Carbon (Pure C) was synthesized without the addition of
t-BTO.>>*

2.3. Synthesis of PW particles

PW was synthesized using the co-precipitation method.
Typically, 1.12 g of iron sulfate heptahydrate, 5 g of potassium
citrate, 15 g of potassium chloride, and 0.88 g of ascorbic acid
were dissolved in 100 ml of deionized water as solution A
under a nitrogen atmosphere. Additionally, 1.69 g of potass-
ium ferrocyanide trihydrate was dissolved in 100 ml of de-
ionized water as solution B. Solution B was added dropwise to
solution A at a rate of 0.28 ml min™" using a peristaltic pump
under a nitrogen atmosphere. The milky-white product was
left to stand overnight, washed three times by centrifugation
using deionized water, and finally freeze-dried for 48 hours to
obtain the Prussian white powder.>>¢

2.4. Synthesis of the t-BTO film

0.06 g of barium acetate and 0.08 g of isopropanol titanate
were dissolved in 2 mL of a solvent which was a mixture of
acetic acid, ethanol and deionized water, and this is referred
to as solution 1. 40 pL of solution 1 was sucked up and spin-
coated on 16 mm copper foil, with an acceleration of 2000
rpm, for 30 s. The spin coater copper foil was held in a
vacuum tube furnace at 1000 °C for 2 h, to obtain the t-BTO
film.

3. Results and discussion

t-BTO nanoparticles were synthesized by the hydrothermal
method.”" As shown in Fig. 1a and b, the t-BTO nanoparticles

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) SEM image and particle size distribution (insert image) of t-BTO nanoparticles. (b) HAADF-STEM image and distribution of Ba, Ti, and O

elements of t-BTO nanoparticles. (c) The XRD curve of t-BTO nanoparticles and a localized zoomed-in view. (d) Raman spectroscopy of t-BTO
nanoparticles. (e) The P—E hysteresis loop of t-BTO nanoparticles. (f) The phase (black line)/amplitude (red line)-voltage loop of t-BTO nanoparticles.
(g) SEM image of t-BTO@C materials. (h) and (i) high-resolution TEM image of t-BTO@C materials. (j) Synthetic scheme of t-BTO@C materials.

have a cube-like shape with a size of about 50-150 nm, with a
median at 100 nm. Powder X-ray diffractogram (XRD) profiles
show that the calculated profiles were indexed to the space
group of P4mm t-BTO (PDF#75-0462) with a = b = 3.995 A and ¢
= 4.028 A (Fig. 1c). There is a split of diffraction peak in 26 =
45.25° shown in the inset of Fig. 1c, matching the (200) and

This journal is © The Royal Society of Chemistry 2025

(002) crystal planes in PDF#75-0462. Due to the elongation
along the z direction, the diffraction peaks of the (200) and
(002) crystal planes were no longer equal. This is a character-
istic feature of the tetragonal phase of the BTO lattice.”®
Further evidence of the tetragonal ferroelectric phase can be
found in the Raman spectra. Three vibration modes (A;, E,

Nanoscale, 2025, 17, 5981-5992 | 5983
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and B,) in the tetragonal phase are Raman active and observed
in Fig. 1d. The sharp peak near 181.7 cm ™" corresponds to the
E(TO) and E(LO) modes, and the broad peak at 244.2 cm™" is
from the A,(TO) mode. The sharp peak at 304.5 ecm™" is due to
the E(TO), E(LO) and B; modes. The peaks at 511.6 and
711.5 cm™" correspond to the E(TO), A;(TO), and E(LO), A;(LO)
modes, respectively.”” These results indicate that the Ti*" and
0" of t-BTO deviate from the center of the primitive cell, con-
firming that the t-BTO particles are in the tetragonal phase.
The magnitude of ferroelectricity was measured by ferroelec-
tric hysteresis as shown in Fig. le. The P-E hysteresis loop
shows that P, was 3.46 pC cm ™2, the remanent polarization (P,)
was 2.47 pC em™>, and E, was 13.16 kV cm™'. From the size
distribution of t-BTO polycrystalline particles, the maximum
switch voltage was 6.58 x 107>-1.97 x 10™" V, which might be
spontaneously switched during potassiation/depotassiation.
Piezoresponse force microscopy (PFM) was used to verify the
ferroelectricity of the particles at the microscopic scale. In
Fig. 1f, the 180° phase shifts and butterfly amplitude loops
strongly confirm the ferroelectricity of t-BTO polycrystalline
particles. It can be seen that the maximum forward switch
voltage in the phase profiles is 3.51 V, and the maximum
reverse switch voltage is 3.39 V. The average maximum switch
voltage is 3.45 V. Similarly, the 180° phase contour map
detects the polarization reversal of the ferroelectric domains
when the bias changes from 3 V to —3 V (Fig. S3a-c).t Most of
the ferroelectric domains in the t-BTO nanoparticle distri-
bution region are in the 180° phase when the bias voltage is 3
V, and most of the ferroelectric domains in the t-BTO nano-
particle are switched to the 0° phase when the bias voltage is
-3 V.?¥?° The PFM measurement confirmed the ferroelectricity
in t-BTO particles.

The XRD curve of t-BTO@C shown in Fig. S4at displays a
wide peak at around 26 = 20°, representing the characteristic
peak of the graphitic carbon (002) crystal plane. The broaden-
ing of this peak suggests a disordered carbon lattice, which is
commonly observed in hard carbon.*®*" The diffraction peak
located at 20 = 45.25° for t-BTO as depicted in Fig. S4bt still
manifests a bifurcation into a pair of diffraction peaks. The
core-shell structure of t-BTO@C was confirmed through the
use of a Scanning Electron Microscope (SEM) and a
Transmission Electron Microscope (TEM). As shown in the
SEM image (Fig. 1g), the surface of the smooth cubic t-BTO
particles roughens due to the hard carbon coating. The TEM
images (Fig. 1h and i) clearly reveal the hard carbon shells
outside the t-BTO cores. In comparison, SiO,@C shows a
similar core-shell structure while the Pure C sample shows the
amorphousness of hard carbon (Fig. S5T). The lattice pattern
of the core layer corresponds to the (001) crystal plane of
t-BTO, whereas the carbon layer is observed as a continuous
layer with a thickness ranging from 10 to 20 nm. In addition,
the TEM energy dispersive spectra (EDS) shown in Fig. S61
reveal that Ba and Ti elements are uniformly distributed in the
core layer, while C elements are dispersed throughout the
entire particle. This evidence implies that the t-BTO nano-
particles remain in the tetragonal phase after the encapsula-
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tion process. In the Raman spectral profiles of t-BTO@C
shown in Fig. S7,7 the D peak at 1343.2 cm™' is associated
with structural irregularities or defects within sp®bonded
carbon atoms, and the G peak at 1570.3 cm™" is linked to the
stretching vibration of bonds within the carbon atom faces.
The D peak intensity surpasses that of the G peak in t-BTO@C
Raman profiles, and it signifies a preponderance of disorder
or defects within the sp*>-bonded carbon atomic configuration
in t-BTO@C.** Moreover, the Brunauer-Emmett-Teller (BET)
measurement showed that the surface areas of the three
samples were similar (Fig. S9t). Most of the pore diameters in
the three samples were less than 10 nm, suitable for the pore-
filling mechanism of potassium ion storage.” The synthesis of
t-BTO@C materials is depicted in Fig. 1j, showcasing the
t-BTO nanoparticles coated with hard carbon derived from the
pyrolysis of polypyrrole.

The potassium storage performance of the t-BTO@C elec-
trode in half-cells was investigated, and the non-ferroelectric
SiO,@C and Pure C electrodes serve as references. The
t-BTO@C electrode also shows the highest capacity retention
after 100 cycles, retaining 374.9 mA h g™". In contrast, without
ferroelectricity, the SiO,@C electrode and Pure C electrode
retain only 97.2 mA h g™' and 240.1 mA h g™' capacity
(Fig. 2a). Due to the large surface area, all three hard carbon
samples show low initial coulombic efficiencies (Fig. 2b).**
Nevertheless, the coulombic efficiencies can be improved by
adjusting the optimization of the carbonization temperature.
The coulombic efficiencies of all three samples approach
100% after 20 cycles of activation, suggesting that the hard
carbon in the three samples is similar. In Fig. 2¢ and S10, the
galvanostatic charge/discharge profiles at a current density of
0.05 A g~ reveal the potassiation process in the t-BTO@C elec-
trode. The curve consists of a two-stage potassiation process
with a higher slope region (>1 V) from potassium ion adsorp-
tion and a lower slope region (<1 V) from potassium ion inser-
tion and pore filling. The decay of capacity in prolonged cycles
can be understood from SEI formation (initial few cycles) and
ion channel blocking (later cycles).>® The two-stage potassium
storage model was also confirmed from the dQ/dV curve in
Fig. 2d. In the first discharge profile, the dQ/dV curve exhibits
a broad drop between 0.1 and 1 V, which corresponds to the
pre-potassiation and SEI formation. Subsequently, the 2nd
and 3rd discharge profiles show lesser changes, indicating
reversible potassium storage capacity. In the region from 3 to 1
V, the nearly horizontal dQ/dV curve indicates that the adsorp-
tion process only contributes minimal capacity. Meanwhile,
the curve shows an increased slope below 1 V, confirming that
most of the capacity is from the insertion—pore filling stage. As
the curve is near vertical below 0.2 V, the majority of the potas-
siation capacity is probably from the storage of potassium ions
in the nanopores of hard carbon.”

The rate performance of the t-BTO@C electrode is exam-
ined in Fig. 2e. When the current density is increased gradu-
ally from 0.05 to 0.1, 0.2, 0.5, 1, and 2 A g™, the t-BTO@C elec-
trode releases 461.4, 390.0, 359.4, 326.5, and 288.1 mA h g_1
average specific capacity, respectively. Later, when the current

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Half-cell cycle performances of t-BTO@C, SiO,@C, and Pure C electrodes at a current density of 0.05 A g™, (b) Coulomb efficiency of
t-BTO@C, SiO,@C, and Pure C electrodes at a current density of 0.05 A g™*. (c) The galvanostatic charge/discharge profiles of t-BTO@C at a current
density of 0.05 A g™2. (d) The dQ/dV profile of the t-BTO@C electrode at a current density of 0.01 A g%, (e) Half-cell rate performances of t-BTO@C,
Si0,@C, and Pure C electrodes at current densities of 0.05, 0.1, 0.5, 1, and 2 A g% (f) Charge/discharge profiles of rate performances of the
t-BTO@C electrode. (g) Half-cell long cycle performances of t-BTO@C, SiO,@C, and Pure C electrodes at a current density of 1 A g~ (h)

Comparative performance profiles of the t-BTO@C electrode and other electrodes reported in the literature.

density is reduced from 1 to 0.5, 0.2, 0.1, and 0.05 A g™", the
capacities are restored to 326.5, 371.4, 398.9, and 418.6 mA h
g7! respectively. In the first cycle, the SiO,@C electrode pro-
vides an average specific capacity of 430.1 mA h g™" at 0.05 A
g~'. Although the initial specific capacities of Si0,@C and
t-BTO®@C are similar, the SiO,@C electrode only has a capacity
of 140.9 mA h g* (32.8% of initial capacity) at 2 A g™, while
the t-BTO@C electrode shows a higher capacity (288.1 mA h
g7!) 62.4% of initial capacity) under the same conditions. For
the Pure C electrode, the initial capacity is smaller than for the
other two samples. The rate performance of the Pure C elec-
trode shows average specific capacities of 325.9, 282.5, 255.6,
233.0, 201.6, 224.1, 239.9, 253.3, and 272.6 mA h g~* from 0.05
to 2, and 2 to 0.05 A g~ ", respectively. The capacity at 2 A g™ is
61.9% of the initial capacity, which is still poorer than that of

This journal is © The Royal Society of Chemistry 2025

10.37-42

the t-BTO@C anode. Better kinetics can also be seen by the
capacity decay after rate cycles. The remaining capacities of
t-BTO@C, SiO,@C, and Pure C are 90.8%, 66.5%, and 83.6%,
respectively. Therefore, we can conclude that the better potass-
ium ion kinetics improved both the rate performance and the
capacity retention after rating cycles. The galvanostatic charge/
discharge profiles corresponding to the rate performance of
t-BTO@C, SiO,@C, and Pure C electrodes are presented in
Fig. 2f and S12a-b.} In these profiles, the t-BTO@C electrode
shows a larger capacity from the insertion-pore filling stage
than those of SiO,@C and Pure C. In addition, the long
cycling capability of the t-BTO@C electrode at a current
density of 1 A g7' is shown in Fig. 2g. After 1000 cycles, the
t-BTO®@C electrode displays a stable reversible specific capacity
of 238.2 mA h g™, showing a capacity retention rate of 82.8%

Nanoscale, 2025,17, 5981-5992 | 5985
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in comparison with the 20th cycle. In contrast, in the SiO,@C
electrode the initial stabilized reversible specific capacity of
183.2 mA h g~ drops to near zero after 800 cycles. Although
the Pure C electrode can steadily cycle 1000 times, it only
shows a specific capacity of 135.7 mA h g' at the end,
showing only 60.3% capacity retention, still lower than that of
the t-BTO@C electrode. As shown in Fig. 2h, the t-BTO@C elec-
trode also exhibits higher capacity than many other reported
hard carbon anodes at large current densities. The better rate
performance and cycling stability of the t-BTO@C anode could
be explained by the accelerated ion diffusion by the electric
field generated from ferroelectric t-BTO particles. The P elec-
trical field could both promote faster diffusion kinetics and
increase the amount of potassium ions in the intercalation
and pore-filling process.>®

To reveal the kinetic behavior difference of potassium ions
in the three anodes, cyclic voltammetry (CV) measurements
were performed as shown in Fig. 3. The CV profiles of
t-BTO@C electrodes at different sweep rates are shown in
Fig. 3a. The sweep rate is increased from 0.1 to 1 mV s, and
the CV peak currents increase accordingly. Then, the redox
peak currents at different sweep rates and the corresponding
sweep rates are linearly fitted based on eqn (1) (Fig. S14af).
The calculated b, value of the reduction peak is 0.948 and the
b, value of the oxidation peak is 0.858. In principle, the
Faraday current is proportional to v"/?, and the pseudocapaci-
tance current is proportional to v. Thus, the redox b values of
the t-BTO@C electrode are between 0.5 and 1, indicating that
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the t-BTO@C electrode behaves with Faraday and pseudocapa-
citance attributes.****

i=a? (1)

In eqn (1), a and b are constants, i is the redox peak current
(mA), and v is the sweep rate (mV s™*). To acquire the contri-
butions of the pseudocapacitive and Faraday current, eqn (1) is
converted into eqn (2). The first term (k,v) is attributed to the
pseudocapacitance current, and the second term (k™) is
attributed to the Faraday current:

Z(V) = klv + k2v0‘5 (2)

In eqn (2), k; and k, are constants, i is the peak current
(mA), v is the sweep rate (mV s~ '), and V is the specified
voltage (V). As depicted in Fig. 3b, the pseudocapacitance con-
tributions to charge storage of the t-BTO®@C electrode are
62.5%, 73.7%, 76.5%, 80.9%, and 84.3% at sweep rates of 0.1,
0.3, 0.5, 0.7, and 1.0 mV s~ ', respectively. Similarly, the pseu-
docapacitance contributions of the non-ferroelectric SiO,@C
electrode are 59.0%, 71.5%, 74.9%, 79.2%, and 82.1% at sweep
rates of 0.1, 0.3, 0.5, 0.7, and 1.0 mV s ', respectively
(Fig. S14b-df). It can be seen that the t-BTO®@C electrode
always exhibits high percentages of pseudocapacitance contri-
bution. The increased pseudocapacitive contribution at higher
sweep rates of the t-BTO@C electrode suggests faster potass-
ium storage capability. In addition, the Galvanostatic
Intermittent Titration Technique (GITT) in Fig. 3¢ shows that
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Fig. 3 (a) Different sweep rates of the CV profile of the t-BTO@C electrode, and (b) different rate capacitive contribution ratios of the t-BTO@C

electrode. (c) GITT tests of t-BTO@C, SiO,@C, and Pure C electrodes. (d) The fourth dQ/dV profile, (e) the specific capacity—voltage profiles of the
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the t-BTO@C electrode has an average higher ion diffusion
coefficient of 6.95 x 107'° cm? s™*, while those of Si0,@C and
Pure C electrode are 2.75 x 10~'° cm?® s* and 1.28 x 107*° cm?
s~', respectively. This could be due to the P, of t-BTO enhan-
cing the surface adsorption kinetics.*>*® To illustrate, Fig. 3d
presents the dQ/dV profiles of the fourth cycle. The oxidation
potentials of t-BTO®@C, SiO,@C, and Pure C increase from
0.398 V to 0.470 V and 0.533 V, respectively. The large potential
suggests larger polarization and slower electron transfer kine-
tics.”” During the potassiation process, the t-BTO@C electrode
shows a higher current below 0.2 V, while SiO,@C and Pure C
electrodes exhibit a smaller current in this voltage range. The
larger current at a lower voltage confirms that the t-BTO@C
electrode can accommodate a higher density of potassium
ions. To validate this observation, in Fig. 3e the total potass-
ium intercalation capacity of the t-BTO@C, SiO,@C, and Pure
C electrodes have been compared using constant-current dis-
charge curves at 5 mA g . The t-BTO@C electrode shows a
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longer tail in the curve, achieving a discharge capacity of
622.2 mA h g' below 1 V (Fig. 3f), which exceeds the
capacities observed in the other SiO,@C (514.1 mA h g™') and
Pure C electrodes (355.8 mA h g™'). From electrochemical
measurements, we confirm that the ferroelectric t-BTO@C
anode has faster potassiation kinetics with a higher pseudo
capacitance contribution and insertion-pore filling stage
capacity. Such improvements can be attributed to the
enhanced potassium ion migration by the Ps electric field at
the vicinity of t-BTO particles.*®*°

Efficient and homogeneous migration of potassium ions
and rapid charge transfer across interfaces are pivotal factors
contributing to the stability and lifetime of PIBs. They can also
greatly reduce various side products including the continu-
ously generated SEI layer and other electrolyte byproducts.”®*
To confirm the positive effect of local ferroelectric particles,
the morphology of the t-BTO@C surface was measured by SEM
and AFM. Both measurements confirm that the surface has

100th
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Fig. 4 SEM image of (a) t-BTO@C, (b) SiO»@C, and (c) the Pure C electrode surface after 100 cycles at 0.2 A g~*. AFM three-dimensional electrode
surface altitude morphology map of (d) t-BTO@C, (e) SiO.@C, and (f) Pure C electrodes after 100 cycles at 0.2 A g~*. The R, value at different

measurement points of (g) t-BTO@C, (h) SiO,@C, and (i) Pure C electrodes.
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fewer byproducts. SEM images depicting the electrode surfaces
before the first cycle, and after 50 and 100 cycles, are presented
in Fig. 4a-c and Fig. S15a-f. After 50 cycles, there is a slight
increase in the size of t-BTO@C particles, likely attributable to
the formation of an SEI layer. In contrast, the average sizes of
SiO,@C and Pure C particles increase more rapidly, indicating
the formation of large amounts of side products. This trend
becomes more pronounced after 100 cycles, where bulk potass-
ium fluoride byproducts are observed on SiO,@C and Pure C
electrodes, suggesting substantial side reactions (Fig. $16-21%). In
contrast, the tBTO®@C electrode surface is nearly identical to the
pristine surface, indicating minimal side reactions.>® To examine
the actual height changes on these surfaces, atomic force
microscopy (AFM) was employed to measure the surface rough-
ness evolution before and after cycling (Fig. 4d-i). After 100
cycles, the t-BTO@C surface exhibits noticeably fewer corruga-
tions compared to the other two electrodes, with the smallest
surface roughness (R,) recorded at 277 + 16 nm. In contrast, the
R, values are higher at 467 + 38 nm for SiO,@C and 323 + 21 nm
for Pure C electrodes, confirming less roughening of the
t-BTO@C surface (Table S1t). The morphological data from SEM
and AFM clearly illustrate that the t-BTO@C electrode exhibits
minimal byproduct formation in comparison with the electrode
with non-ferroelectric SiO,@C and Pure C.

We summarize the function of ferroelectric t-BTO particles
in the potassiation and depotassiation process in Fig. 5. t-BTO
with spontaneous electrical polarization could increase the
effective electrical field in the vicinity of hard carbon shells.
The average size of t-BTO particles is around 100 nm,
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suggesting that these particles can be easily polarized at a
voltage as low as 0.35 V (Fig. S2271). During potassiation, the
potassium ions are driven by the external electric field and
migrate into the hard carbon layer. The t-BTO cores are polar-
ized by the electric field which increases the effective electric
field in the hard carbon shells. As a result, the potassiation
process is accelerated with less chance of generating bypro-
ducts and avoiding the continuous growth of SEI In the depo-
tassiation process, the P electric field from the t-BTO particle
can drive the potassium ion out of the hard carbon layer
faster. Such an effect is not available in SiO,@C or Pure C
anodes. As a result, the potassiation and depotassiation
process in t-BTO@C can be performed faster with fewer bypro-
ducts and thinner SEL>*%*77

To verify the promising application of the t-BTO@C elec-
trode, a coin full cell with a high-voltage window is prepared
using Prussian white as the cathode and t-BTO®@C as the
anode (Fig. 6a). The PW/t-BTO@C delivers an initial discharge
specific capacity of 356.2 mA h g' (based on the anode
weight) at a current density of 0.1 A g* as shown in Fig. 6b.
After 40 cycles, PW/t-BTO@C shows a discharge specific
capacity of 313.0 mA h g', with 88.9% capacity retention.
Furthermore, the PW/t-BTO@C full-cell exhibits discharge
specific capacities of 404.7, 371.4, 342.5, 340.1, 307.1, and
367.3 mA g_1 at current densities of 0.05, 0.1, 0.2, 0.5, 1, and
0.05 A g%, respectively (Fig. 6¢). In Fig. 6d, we compare the
full-cell performance of our anode with hard carbon anodes
reported recently in the literature under the same conditions.
PW/t-BTO@C shows a specific capacity of 323.0 mA h g™/,
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much higher than those of other full cells, confirming its out-
standing full-cell performance.

4. Conclusion

In summary, we fabricated a composite hard carbon anode
using t-BTO particles as its core. The t-BTO particles show
clear ferroelectric properties with a maximum polarization of
3.46 pC ecm™2 under a coercive field of 13.16 kV ecm™. We con-
firmed that potassium ions can be driven by the P field of the
t-BTO@C anode, enhancing the adsorption of potassium ions
in graphitic interlayers. Such effective interaction increased
the potassium ion kinetics and the insertion-pore filling potass-
ium storage. The t+BTO@C anode presents 622.2 mA h g~* inser-
tion-pore filling capacity, which is higher than the values for
Si0,@C (514.1 mA h g™*) and Pure C (355.8 mA h g™'). The P,
field also homogenizes potassium ion migration, resulting in a
uniform SEI layer with less byproduct generation. Therefore, the
specific capacity of the tBTO@C anode achieves 374.9 mA h g™*
over 100 cycles at 0.05 A g™, which is much higher than the
values for SiO,@C anode (97.2 mA h g') and Pure C anode
(240.1 mA h g™"). The t+-BTO@C anode could retain 238.1 mA h
g ' (82.8% of its capacity) after 1000 cycles at 1 A g™, In addition,
the PW/t-BTO@C full-cell exhibits a discharge specific capacity of
313.0 mA ¢! at a current density of 0.05 A g™" after 40 cycles.
Our results reveal an effective strategy to enhance the migration
of potassium ions by ferroelectricity.

This journal is © The Royal Society of Chemistry 2025
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